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Abstract
Catheters are long, flexible tubes that are extensively used in vascular and cardiac
interventions, e.g., cardiac ablation, coronary angiography and mitral valve annulo-
plasty. Catheter-based cardiac ablation is a well-accepted treatment for atrial fib-
rillation, a common type of cardiac arrhythmia. During this procedure, a steerable
ablation catheter is guided through the vasculature to the left atrium to correct the
signal pathways inside the heart and restore normal heart rhythm. The outcome of
the ablation procedure depends mainly on the correct positioning of the catheter tip
at the target location inside the heart and also on maintaining a consistent contact
between the catheter tip and cardiac tissue. In the presence of cardiac and respira-
tory motions, achieving these goals during the ablation procedure is very challenging
without proper 3D visualization, dexterous control of the flexible catheter and an
estimate of the catheter tip/tissue contact force.
This research project provides the required basis for developing a robotics-
assisted catheter manipulation system with contact force control for use in cardiac
ablation procedures. The behavior of the catheter is studied in free space as well in
contact with the environment to develop mathematical models of the catheter tip that
are well suited for developing control systems. The validity of the proposed modeling
approaches and the performance of the suggested control techniques are evaluated
experimentally.
As the first step, the static force-deflection relationship for ablation catheters
is described with a large-deflection beam model and an optimized pseudo-rigid-body
3R model. The proposed static model is then used in developing a control system
for controlling the contact force when the catheter tip is interacting with a static
environment. Our studies also showed that it is possible to estimate the tip/tissue
contact force by analyzing the shape of the catheter without installing a force sensor
on the catheter.
During cardiac ablation, the catheter tip is in contact with a relatively fast-
moving environment (cardiac tissue). Robotic manipulation of the catheter has the
ii
potential to improve the quality of contact between the catheter tip and cardiac
tissue. To this end, the frequency response of the catheter is investigated and a
control technique is proposed to compensate for the cardiac motion and to maintain
a constant tip/tissue contact force.
Our study on developing a motion compensated robotics-assisted catheter ma-
nipulation system suggests that redesigning the actuation mechanism of current abla-
tion catheters would provide a major improvement in using these catheters in robotics-
assisted cardiac ablation procedures.
Keywords: Cardiac Ablation, Steerable Ablation Catheter, Robotics-Assisted
Catheter Manipulation, Large-Deflection Beam Model, Pseudo-Rigid-Body 3R Model,
Force Control, Shape Analysis, Motion Compensation.
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Cardiovascular diseases (CVDs) are caused by disorders of the heart and blood vessels.
According to the World Health Organization (WHO), CVDs result in the highest
number of deaths from disease around the world [1]. In Canada, major CVDs were
responsible for 29% of all deaths in 2009, being the second cause of death after
cancer [2]. Cardiac arrhythmia is one of the common CVDs and refers to abnormal
heart rhythm, i.e., the heart may beat faster, slower or with an irregular rhythm.
Arrhythmia is caused by disorders in the heart’s electrical system. In a normal heart,
the sinoatrial (SA) node emits electrical signals to trigger a heartbeat. The generated
signals spread through the atria and cause them to contract and pump blood into the
ventricles. After the ventricles are filled with blood, the signals make them contract
and send the blood into the body. This process is repeated in every heartbeat and
arrhythmia occurs if there is a problem with any of its parts.
Atrial Fibrillation (AF) is the most common serious type of cardiac arrhythmia,
during which false electrical signals are generated from different parts in the atria and
cause abnormal contractions. As a result, blood clots might form inside the upper
chambers and if these clots enter the circulatory system, they can cause a stroke.
The Heart and StrokeTM Foundation reports that after the age of 60, one third of all
strokes are the result of AF [3]. Thus, effective treatment of AF is of great importance.
Depending on the type and severity of arrhythmia, different methods of treat-
ment are suggested. While several drugs are available for this purpose, in some cases
the medications prove insufficient and non-drug treatments should be applied. In this
case, catheter-based cardiac ablation is the most commonly suggested method [4].
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1.2 Catheter-Based Cardiac Ablation
In order to treat AF, the parts of cardiac tissue that generate erratic electrical im-
pulses should be destroyed. Catheter-based cardiac ablation is a minimally invasive
intervention to achieve this goal [4]. Rather than opening the chest to gain access to
the heart, in this procedure, small incisions are made in the groin, neck or arm area
and catheters are inserted in the blood vessels and steered through the vasculature to
reach the heart. Since the source of AF is usually near the pulmonary veins [5], the
catheter is passed through a small incision in the septum to provide access to the left
atrium. Electroanatomic mapping systems (e.g., [6] and [7]) and preoperative CT or
MRI scans, help the electrophysiologists to identify the source of abnormal pulses [8].
Using visual feedback from a medical imaging modality, the catheter tip is then po-
sitioned at the target points to perform the ablation. Destroying the sources of false
signals can be achieved by either freezing (cryoablation) or heating the tissue. In the
latter, usually radio-frequency (RF) energy [9] is transmitted through the catheter to
burn the tissue and create lesions to block the pathways of false electrical impulses
that cause arrhythmia.
Catheters are long flexible tubes that are used in different medical applications.
One of the main uses of catheters is for cardiovascular interventions, since the shape of
catheters is well suited for insertion in blood vessels. The catheters used for RF abla-
tion of the heart can be of different types: these catheters can be uni- or bi-directional
and of different diameters (e.g., 5-Fr or 7-Fr), the sizes of the ablation tip electrodes
may vary, etc. However, their common feature is that the electrophysiologist can use
the proximal handle to manipulate the distal tip. The actuation mechanism of RF
ablation catheters uses pull-wires to translate the movements of the proximal handle
to the flexing of the tip. Biosense Webster, Inc. [7] and Medtronic, Inc. [10] are two
companies that provide a range of electrophysiology and ablation catheters.
X-ray fluoroscopy is the most commonly used medical imaging modality for
visualizing catheters inside the body during RF cardiac ablation procedures. Con-
sidering that the catheter-based AF therapy is a complicated procedure that takes
several hours, there is a possibility that the patient and the electrophysiologist may
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be exposed to harmful X-ray radiation for significant periods of time [11].
Several studies have investigated the effect of contact force on the outcome of
RF ablation [12–14] and reported that the contact force has a noticeable effect on
forming lesions inside the heart and correlates with the procedure outcome. It is also
shown that providing electrophysiologists with a measure of contact force reduces
the procedure time remarkably [15] and that the force-time integral (FTI) can be
used as a measure to quantify the quality of contact [16, 17]. If the contact force is
not sufficient, the lesion formation will be incomplete and patients will experience
recurrence of the arrhythmia [14]. On the other hand, excessive force may result in
complications such as cardiac perforation [18].
The conventional method of performing AF ablation procedure is very challeng-
ing for a number of reasons: (1) the main feedback from the position of the catheters
is the fluoroscopy imaging, which is 2D and does not provide a clear view of soft
tissues, (2) the actuation mechanism of existing catheters does not provide the elec-
trophysiologists with dexterous control of the catheter tip, (3) the electrophysiologists
do not have an estimate of the contact forces between the catheter tip and the cardiac
tissue. Complexity of the anatomy as well as cardiac and respiratory motions all add
to these difficulties.
The popularity of catheter-based cardiac ablation for treating AF has increased
during the past few decades. However, the conventional method of RF ablation is
still a tedious and complicated procedure due to the aforementioned challenges and
researchers seek new approaches to overcome these challenges. The ultimate goal
would be designing a robot-assisted catheter system that enables electrophysiologists
to manipulate the catheter tip dexterously and position the catheter tip at the tar-
get location inside the atria. The robotic system would provide haptic feedback to
the clinician and would implement force control at the catheter tip to maintain the
tip/tissue contact force at the desired level during the procedure. It is expected that
such a system would provide better ergonomics for electrophysiologists and will help
them to perform the interventional procedure in less time without compromising the
outcome.
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1.3 Literature Review
In this section, an overview of related work in the context of catheter-based robotic
systems and their main component, i.e., catheter, is presented. We have classified the
proposed approaches into four categories: (1) commercial products, (2) master-slave
robotic catheter systems, (3) research work that describes the behavior of catheters by
mathematical or numerical modeling and (4) techniques that propose modifications
to the current mechanical design of catheters.
1.3.1 Commercial Products
Recent developments in robotic technology and visualization techniques have inspired
designing new products that facilitate catheter manipulation and/or visualization
during electrophysiology procedures. A number of these systems are commercially
available or are in clinical studies. This section gives an overview of commercial
products that are developed to facilitate performing catheter-based interventional
procedures.
1.3.1.1 Robotic Systems
Robotics-based catheter systems are developed to provide dexterous manipulation of
flexible catheters. The main feature of these systems is that they allow the electro-
physiologist to manipulate the catheter from a remote workstation and thus reduce
the amount of X-ray radiations to the clinicians. The robotic catheter systems cur-
rently available are as follows in alphabetical order:
1.3.1.1.1 AmigoTM Remote Catheter System
AmigoTM (Catheter Robotics, Inc., Mount Olive, NJ) Remote Catheter System
(RCS) [19] is a device designed for electrophysiology procedures. This system has
two main parts:
• The catheter manipulation system that is attached to the patient’s bed; into
which a catheter is loaded. This system is compatible with a variety of com-
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monly used electrophysiology catheters and using it within existing electrophys-
iology labs (EP labs) does not require any additional arrangements.
• The catheter remote controller, which looks similar to the proximal handle of a
conventional catheter and provides necessary controls for inserting, retracting,
rotating and deflecting the tip of the catheter loaded in the manipulation sys-
tem. This controller allows the clinicians to manipulate the catheter from 30
meters away from the patient’s bed.
In a clinical study [20], the performance of Amigo in manipulating, positioning
and control of catheters was assessed. This study [20] reports that Amigo is “safe and
effective” and the learning curve is short, since its interface is easy to use and similar
to a catheter handle. The safety and performance of Amigo for cardiac ablation is
currently being investigated [19,21].
In 2012, Catheter Robotics, Inc. announced that it has received the U.S. Food
and Drug Administration (FDA) approval for AmigoTM for use with two types of
catheters [19].
1.3.1.1.2 CorPathR© Vascular Robotic System
The CorPathR© 200 Robotic System (Corindus Vascular Robotics, Inc., Waltham,
MA) [22] is designed for catheter manipulation and stent delivery in coronary angio-
plasty. This system is compatible with standard EP lab devices and mounts on the
side of standard patient tables. The electrophysiologist guides the catheter and places
the stent/balloon from a remote, shielded workstation using the provided joysticks
and touchscreen controls. The catheters and guidewires are visualized through X-ray
images and are displayed on angiographic monitors provided in the workstation.
Clinical studies [23,24] report that performing robotic-assisted angioplasty with
CorPathR© 200 Robotic System is safe and feasible.
In 2012, Corindus Vascular Robotics, Inc. announced FDA 510(k) clearance for
using CorpathR© 200 Robotic System in percutaneous coronary interventions (PCI)
[22].
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1.3.1.1.3 Catheter Guidance, Control and Imaging System
The Catheter Guidance, Control and Imaging (CGCI) system (Magnetecs Corp.,
Inglewood, CA) [25] provides remote magnetic catheter navigation for catheter-based
interventions. This system has eight large electromagnets in four robotic arms that
are placed around the patient’s bed. Small magnets are integrated within the tip
of catheters and the catheters are steered and positioned using the magnetic field.
The electrophysiologist manipulates the catheter from a remote workstation and has
the option to choose between two control modes: manual and automatic. In manual
mode, the physician uses a joystick to guide the catheter, while in the automatic mode,
he/she clicks on the desired target and the CGCI system plans the path and moves
the catheter accordingly to reach the desired location with a proper orientation. If
the catheter moves away from the specified location, the system informs the operator
to perform proper action [25].
The CGCI system is now undergoing human clinical trials [25]. More details
on this system as well as first clinical results are reported in [26].
1.3.1.1.4 NIOBER© Magnetic Navigation System
The NIOBER© Magnetic Navigation System (Stereotaxis, Inc., St. Louis, MO) [27]
provides a platform for steering and manipulating catheters inside the patient’s body
using a low-intensity magnetic field generated by two large permanent magnets po-
sitioned on each side of the patient’s bed. The desired position and orientation of
the catheters and guidewires are achieved by changing the magnetic fields through
rotating the computer-controlled magnetic arms. Hence, all catheters and guidewires
are equipped with magnetic tips. The electrophysiologist manipulates the catheters
from a remote workstation by mouse clicks on a local display.
Magnetic navigation allows for precise positioning of the catheter and the fea-
sibility of using this technique in clinical setting has been shown [28–30], but the
procedure time might be longer than that of the manual procedure [28–30], which
can be a result of insufficient lesion formation [29]. It was reported that redesigning
the catheter improved the safety of magnetic AF ablation [31]. Moreover, installing
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the permanent magnets in existing EP labs requires proper arrangements [32]
The NIOBER© Remote Magnetic Navigation system received FDA 510(k) ap-
proval in January 2003. The current generation of NIOBER© is now one of the main
components of Stereotaxis EPOCHTM Solution, which is a comprehensive platform
for guiding and positioning of electrophysiology catheters [27]. The NIOBER© system
is compatible with CARTO System (Biosense Webster, Inc., Diamond Bar, CA) [7].
1.3.1.1.5 SenseiR© Robotic Catheter System
The SenseiR© X Robotic Catheter System (Hansen Medical, Inc., Mountain View,
CA) [33] provides a master/slave robotic platform control system for remote navi-
gation and control of electrophysiology catheters in blood vessels and in the heart.
The electrophysiologist’s console consists of the necessary tools for manipulating the
catheter as well as displays for providing visual feedback. If an Artisan catheter R© [33]
is loaded into the SenseiR© system, the built-in pressure sensor integrated within the
catheter shaft reports the contact force between the catheter and the tissue. The
electrophysiologist is informed from the force information by visual as well as haptic
feedback through IntelliSense R© Fine Force Technology Interface [33]. It is reported
that this technique has a better performance in measuring contact forces applied in
the direction of the catheter’s axis [34].
The CoHesionTM 3D Visualization Module (Hansen Medical, Inc., Mountain
View, CA) [33] integrates the abilities of the SenseiR© platform in manipulating the
catheter with those of the EnSiteTMVisualization System (St. Jude Medical, Inc., St
Paul, MN, USA) [6] in providing a 3D visualization of the surgical site.
The first generation of SenseiR© Robotic Systems obtained FDA clearance in
2007. In recent years, different clinical studies have evaluated the feasibility of using
this system in electrophysiology application. References [33, 35–39] are examples of
these studies.
MagellanTM Robotic System is another product from Hansen Medical, Inc.
[33] that is developed for peripheral vascular procedures. Its concept is similar to
that of the SenseiR© and it provides a robotic platform for visualization and remote
manipulations of catheters [33].
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An overview and comparison of different features of the aforementioned robotic
systems are presented in [40]. In [41], the main features of each system are summarized
and their compatibility with other systems is discussed as well.
1.3.1.2 Visualization Systems
X-ray fluoroscopy is the most commonly used medical imaging modality for visualizing
the catheter-based AF ablation procedures. The X-ray imaging renders 2D images,
in which the catheters and guidewires are displayed, but the visibility of soft tissue is
low. Thus, it is very difficult to obtain accurate information about the 3D position
and orientation of the catheter tip inside the heart chambers using these images. To
help with visualizing the anatomy, locating the source of arrhythmia in the heart
and positioning the catheter at the target location, a 3D visualization of the heart
is reconstructed using electroanatomic mapping systems. The commercially available
visualization systems are as follows:
1.3.1.2.1 CARTOR© 3 System
CartoR© 3 System (Biosense Webster, Inc., Diamond Bar, CA) [7] is a 3D mapping
platform that provides a 3D reconstruction of heart chambers that can be merged
with pre-operative CT and MR scans. To construct such a model of the heart, a
mapping catheter is guided into the heart chambers. A small magnetic sensor is
integrated within the catheter tip and as the catheter tip moves around in the heart
chamber, its distance from the three magnetic patches under the patient’s bed is
recorded and then used to calculate the tip position in 3D. Studies report that the
CartoR© 3 System is accurate [42] and its ability to integrate multi-modality images
and to display multiple catheters simultaneously reduces the usage of fluoroscopy
imaging, but does not affect the procedure time [43, 44]. The CartoR© 3 System is
compatible with customized catheters and equipment.
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1.3.1.2.2 EnSiteTM VelocityTM Cardiac Mapping System
The EnSiteTM VelocityTM Cardiac Mapping System (St. Jude Medical, Inc., St
Paul, MN, USA) [6] provides a multi-chamber 3D visualization of the heart. To con-
struct such spatial mapping, an electrophysiology catheter is moved inside the heart
chambers. The distance of the catheter tip with respect to the reference patches
mounted on patient’s skin is recorded and then processed to generate a 3D view of
the heart. The EnSiteTM VelocityTM Cardiac Mapping System is an open platform
compatible with any electrophysiology catheter and can display multiple catheters in
real-time. It also provides the necessary tools for integrating preoperative CT/MRI
images with the real-time imaging data [6]. Studies report that the EnsiteTM visu-
alization system provides a precise mapping of the heart and reduces the radiation
exposure to the electrophysiologists [45–47]. This system also provides a feedback
from catheter tip/tissue contact based on local impedance measurements [48].
Different features of these visualization systems are described and compared in [41].
1.3.1.3 Force Sensing Catheters
The importance of providing electrophysiologists with an estimate of the catheter
tip/tissue contact force has been established in different studies (e.g., [12–18]). These
studies were made possible partly due to the development of the following two force-
sensing ablation catheters:
1.3.1.3.1 TactiCathR© Force-Sensing Ablation Catheter
TactiCathR© Force-Sensing Ablation Catheter (EndosenseTM SA, Geneva, Switzer-
land) [49] uses fiber optic sensor technology to measure the contact forces at the
catheter tip and displays the measured force through the TactiSys QuartzTM [49].
When the catheter tip comes in contact with the tissue, the applied force causes the
optical fibers to slightly deform. The small deformation of fibers affects the reflected
wavelength of light and provides a means to measure the contact force. More details
on the design of this catheter are given in [12]. The safety and effectiveness of using
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TacticathR© in cardiac ablation procedures are investigated in several studies [14,49].
In 2013, St. Jude MedicalTM, Inc. [6] acquired EndosenseTM SA [49] and so it
is expected that new developments would be introduced in the AF ablation products.
1.3.1.3.2 THERMOCOOLR© SMARTTOUCHTM Catheter
THERMOCOOLR© SMARTTOUCHTM (Biosense Webster, Inc., Diamond Bar, CA)
[7] is an ablation catheter that measures the tip/tissue contact force and provides a
graphical display of the magnitude and direction of the force on the recent versions of
CARTOR© 3 System (Section 1.3.1.2.1) [7]. The force sensing ability of this catheter
is based on electromagnetic location tracking technology: contact forces cause the
precision spring integrated within the catheter tip to deflect slightly. Attached to
the distal end of the spring, there is a magnetic transmitter which emits a location
reference signal. The three magnetic sensors mounted on the other side of the spring,
detect the changes in the location of the transmitter, and thus provide a means to
calculate the contact force applied by the catheter tip. More details on the force
sensing technique of THERMOCOOLR© SMARTTOUCHTM catheter are given in
[18]. This catheter has been used for measuring the catheter tip/tissue contact force
in several studies (e.g., [15, 17,18]).
THERMOCOOLR© SMARTTOUCHTM is the first catheter with force sensing
technology that was approved by FDA for using in catheter-based cardiac ablation
procedures for treating AF. Biosense Webster, Inc., a unit of Johnson & Johnson
Company [50], received the FDA approval for THERMOCOOLR© SMARTTOUCHTM
in early 2014 [50].
1.3.2 Robotics-Assisted Catheter Manipulation
Several robotic mechanisms for manipulating the catheters during endovascular in-
terventions are developed in academia. An overview of these systems is presented in
this section.
Fukuda et al. [51] developed one of the earliest master-slave systems for in-
travascular catheter manipulation during neurosurgery. The slave side included a
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2-DOF catheter actuation mechanism and a catheter which was instrumented with
a micro force sensor at its tip [52]. On the master side, the user manipulated the
catheter using the master joystick and X-ray images from the surgical site. The user
was also provided with a haptic feedback from the contact force at the catheter tip
as well as the forces that the slave actuation mechanism applied to manipulate the
catheter [51]. The mechanism used for steering the catheter was updated [53] and
then used in developing an autonomous catheter insertion system, in which the po-
sition feedback from the catheter tip was provided through tracking magnetic tips
attached to the catheter [54]. Force feedback was not provided in the latter case.
Jayender et al. [55] developed a robotic system for inserting a catheter into the
blood vessels for angioplasty procedures. The catheter was mounted on a Mitsubishi
PA 10-7C robot manipulator which was also equipped with a force sensor. The inser-
tion mechanism monitored the force exerted for inserting the catheter into the vessel
and adjusted the stroke length accordingly [55]. By instrumenting the catheter with
a shape memory alloy (SMA) actuator, they also developed a master-slave catheter
insertion system, in which the user manipulated the catheter remotely and received
haptic feedback from the contact force at the catheter tip [56, 57]. This robotic
catheter system was then enhanced by a visual servoing platform which allowed for
autonomous catheter insertion: the user selected the desired path on a map showing
the vasculature. Using the real-time imaging feedback and the SMA actuators to ori-
ent the catheter tip in the desired direction, the robot steered the catheter through
the defined path to the target position [58].
Plicchi et al. [59,60] designed a telerobotic system to navigate electrophysiology
catheters through the vasculature to the heart. The catheter actuation mechanism
mounted on a robotic arm near the surgical site and the user manipulated the catheter
remotely. Force measurements were taken from the proximal end of the catheter to
provide the user with a feedback from the forces required to insert the catheter into
the blood vessel. The proposed system was tested in animal trials and showed good
performance and repeatability [59,60].
Ganji et al. [61] developed a teleoperated robotic system for navigating steer-
able catheters. A conventional catheter was loaded in a 3-Dof actuation mechanism
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placed at the surgical site and it was manipulated using a remote master device with
haptic feedback. The position of the catheter tip was followed by electromagnetic
trackers and a kinematic model of the catheter’s distal shaft was used in developing a
model-based position controller to steer the catheter to the target point. The system
performance was evaluated in-vivo [61].
In order to develop a robotic catheter system, Srimathveeravalli et al. [62] first
studied how surgeons move their hands during catheter insertion for neurovascular
procedures to identify the basic requirements for designing such robotic systems. The
resulting robotic manipulator could handle guidewires and catheters at the same time
and included a measurement mechanism to provide the surgeon with haptic feedback
from the forces used to manipulate the catheter [62].
Park et al. [63] developed a force-reflecting robotic platform for remote nav-
igation of cardiac catheters. The system consisted of a 3-DOF catheter actuation
mechanism on the slave side and a remote master workstation from which the user
could manipulate the catheter through a haptic device and feel the force required to
insert and manipulate the catheter [63]. To improve the safety of catheter naviga-
tion, the distance between the catheter tip and the vessel wall was estimated from
real-time images of the testbed and a forbidden-region virtual fixture technique was
implemented to avoid collision between the catheter tip and the vessel wall [64].
Another master-slave system for guiding and positioning a catheter was pro-
posed in [65]. In this system, a custom mechanism was developed for inserting and
manipulating the catheter; the position of the catheter tip was determined through
electromagnetic tracking and was displayed on a 3D virtual image of the testbed. The
operator used a 3-DOF master device to steer the catheter according to this image.
The insertion force was also fed back to the user [65,66].
Payne et al. [67] designed a compact master-slave system for navigating the
catheter during endovascular procedure. In this system, the slave mechanism repli-
cated the motion of the master actuator to insert the catheter into the vessel. Strain
gauges were mounted on the catheter tip to provide a measure of the contact between
the catheter tip and the vessel walls and the user was provided with haptic feedback
from the contact force information [67].
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Guo et al. [68] developed a robotic catheter manipulator system for neuro-
surgery applications. This system consisted of a 2-DOF mechanism for manipulating
the catheter on the slave side and a similar master mechanism on the operator’s work-
station. The slave mechanism replicated the axial and radial motion of the master
device to steer the catheter inside the vasculature. A force measurement mechanism
was implemented on the slave side to measure the forces required for inserting the
catheter and the force data was provided to the user through a haptic device. To
ensure the safe navigation of the catheter inside the vessels, a fiber optic force sensor
was mounted on the catheter tip to measure the tip/vessel contact forces. Moreover,
three custom-designed rubber sensors were mounted on the catheter’s side to measure
the contact force between the sides of the catheter and the vessel walls. This sensor
system provided the user with real-time information of the contact force. The perfor-
mance of the developed robotic system was tested with placing the master device in
Japan and the slave device in China. Internet-based communication was established
to transfer the data between the master and slave devices [68].
Different features of the aforementioned robotic catheter manipulation systems
are summarized and compared in [69].
1.3.3 Modeling of Catheters
In order to describe the behavior of steerable catheters, several analytical and numer-
ical models are proposed. This section provides an overview of different approaches
used to model catheter behavior.
1.3.3.1 Analytical Modeling
The bending characteristics of flexible ablation catheters have been the subject of
several studies. This section summarizes the analytical models proposed for describing
the catheter behavior in response to proximal actuation.
Continuum robotics has become one of the main trends of research in the field
of robotics. The initial motivation for studying and designing continuum robots was
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the capabilities of biological manipulators such as snakes and squids in dexterous ma-
nipulation of the objects even in cluttered environments [70]. Walker et al. designed
one of the first continuum manipulators [71]. They also developed kinematic and
dynamic models to describe the behavior of these manipulators [72–75].
Steerable catheters are flexible without distinct rigid joints and they bend con-
tinuously along their length. Hence, they can be classified as continuum robots with
“extrinsic actuation” [70, 76]. Several methods for modeling catheters as continuum
robots have been presented in the literature. Camarillo et al. [77] developed a kine-
matic model for tendon-driven continuum robots. A steerable catheter was selected
as the continuum manipulator and the proposed model was used to describe how
tendon displacements affect changes in the shape of the catheter’s tip [77]. If infor-
mation about the tendon actuation is not available, the model parameters can then
be estimated using a vision-based approach [78]. The developed model and the pro-
posed vision system were also used in developing a control system for controlling the
position of the catheter tip [79]. In another approach, the kinematic model proposed
in [74] for a continuum manipulator was used to describe the distal tip of a steerable
ablation catheter [80]. Zinn et al. proposed a kinematic model for tendon-driven
catheters in which the effect of internal frictions is taken into account [81,82]. Based
on this model, a control system for positioning the catheter tip was developed [83].
It should be noted that these models are developed based on the assumption
that the catheter tip is moving in free space and is not in contact with the environment
or subject to external loading.
1.3.3.2 Numerical Modeling
Numerical models of the catheters and similar mechanisms are mainly developed for
use in endovascular surgical simulators, in which simulating how the catheter moves
inside the vasculature is a key feature. The works presented in this section are just
instances of the ongoing research in this field.
Ikuta et al. [84] and Dawson et al. [85] proposed a multibody system for mod-
eling long flexible instruments such as catheters or endoscopes. In the proposed
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technique, the flexible device is modeled as a set of rigid links connected by flexible
joints. In the method suggested by Kukuk et al. [86], all possible shapes for a dis-
cretized flexible instrument are found and then the shape which complies best with
the physical and mechanical constraints, is selected. Niessen et al. [87,88] considered
the guidewire as a series of small rigid segments connected with joints. The shape
of the guidewire within the vasculature was then found based on the principle of
minimization of energy, where energy is defined as a function of the positions of all
joints. Finite element method (FEM) is another technique to numerical modeling
of flexible catheters, which assumes that a wire-like object is composed of multiple
beams [89–91]. Tang et al. [92] modeled the guidewire as connected elastic rods. Ob-
serving that the mechanical properties of the guidewire’s tip are different from those
of the guidewrie’s body, they also proposed a modeling technique based on Cosserat
theory which accounted for these differences [93].
1.3.4 Catheter Prototypes
With the goal of facilitating the use of current catheters in performing endovascu-
lar procedures, several prototypes of new catheters are proposed and tested. The
designed prototypes are mainly classified into two categories: (1) active catheters
designed to improve the maneuverability in steering the catheter and (2) catheters
with integrated force sensors that measure the contact forces at the distal tip. This
section provides an overview of these catheter prototypes.
1.3.4.1 Active Catheters
Current steerable catheters use remote actuation, i.e., the catheter’s distal tip is
manipulated using the proximal handle. Considering the flexibility of the catheter
and the complexity of the environment within which the catheter is used, steering the
catheter and accurate positioning of the tip requires considerable skill and experience.
To increase the maneuverability of the catheter tip, active catheters are designed.
The actuators integrated within the distal shaft of these catheters provide a means
to control the shape and the position of the catheter with more degrees of freedom.
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Different actuation mechanisms have been used in developing active catheters,
including: (1) tendon-driven, (2) shape memory alloys, (3) conductive polymers, (4)
hydrodynamics and (5) magnetic driven. A very brief overview of these catheters is
presented in this section. A more detailed review is provided in [94].
Artisan ExtendTM Control Catheter (Hansen Medical, Inc., Mountain View,
CA) [33] is a tendon-driven active catheter that uses a system of pulleys and four ten-
dons to actuate the tip with six degrees of freedom [36]. Using smart materials, such
as shape memory alloy (SMA), is another choice for designing active catheters. Haga
et al. [95] used SMA coils as the tip actuators. Jayender et al. [58] integrated SMA
actuators at the tip of a catheter and used it in a robotic system to autonomously nav-
igate the catheter through the vasculature. Using such catheters facilitates choosing
blood vessel branches in vascular bifurcations. In [58] it was also noted that since the
SMA actuators are activated by heat, they must be properly insulated and sufficient
time between two consecutive actuation should be allowed to prevent causing harm
to the vasculature. Conductive polymers (CP) are another smart material that have
been used for actuating a catheter’s distal tip [96].
Another group of active catheters are magnetic-driven ones. These catheters
are equipped with small magnetic implants at the distal tip and are manipulated
by external magnetic fields. NIOBER© (Stereotaxis, Inc., St. Louis, MO) Magnetic
Navigation System [27] uses such magnetic catheters . Using hydraulic actuation
mechanism led to the development of hydraulically-driven catheters. Examples of this
type of active catheters are proposed in [97, 98]. One of the challenges in designing
these catheters is that in order to improve the dexterity of the catheter, the number
of driving tubes should increase. The small diameter of the catheter poses certain
limitations in this regard. It must also be ensured that there is no blockage inside
the driving tubes and there is no air/fluid leakage.
1.3.4.2 Force Sensing Catheters
The flexibility and length of catheters limit the user’s perception of the contact forces
at the catheter tip. Moreover, considering the fact that the catheters are steered
through the vasculature, the forces that the user perceives during the catheter ma-
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nipulation are mainly due to the frictional forces between the catheter body and its
environment. It is very difficult for the user to distinguish how much of the perceived
force is due to the contact at the catheter tip. In order to overcome this issue, several
research projects have addressed the design of force sensors that can be integrated at
the tip of the catheters.
Tanimoto et al. [52] designed one of the first force sensing catheter prototypes
for neurosurgical applications. In order to measure contact forces, a micro pressure
sensor was placed inside the catheter tip and the performance of this sensor was
evaluated through in-vivo experiments. Polygerinos et al. [99–101] designed an MRI-
compatible fiber optic force sensor and integrated it within the tip of an ablation
catheter. The performance of this sensor was evaluated in several phantom and in-
vivo studies. Kesner and Howe [102] designed an inexpensive but accurate 3D printed
force sensor that was placed inside the catheter tip. This force sensor was then used
in developing a robotic catheter system to maintain a constant force between the
catheter tip and the heart tissue during annuloplasty procedures [103].
The material presented in this section is a general overview of the state-of-the
art in the research towards improving the efficacy of catheter-based interventional
procedures. Each chapter of this thesis presents a detailed literature review of the
topic under discussion in that chapter. Therefore, some overlap between the reviews
in the chapters may exist.
To conclude this section, we note that the topic of controlling the catheter
tip/tissue contact force during catheter-based cardiac ablation procedures has not
been discussed previously. This fact constitutes the main motivation of this thesis.
1.4 Research Statement
The work presented in this thesis establishes the basis for developing a robotics-
assisted catheter manipulation system with force control at the catheter tip. In this
study, it is assumed that the catheter has been manually steered through the vascula-
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ture, guided to the atrium and placed in proximity of the myocardium. Thus, how the
catheter moves inside the vasculature and its interaction with the environment during
the insertion phase, which have been topics of several research papers (e.g., [87,88]),
are not the primary concern. The main focus of this research project is to:
1. study how the catheter tip deflects when it interacts with tissue;
2. model the static deflection of the catheter tip;
3. find a method to measure the contact force at the catheter tip without using
a force sensor; and
4. design a control system for maintaining a constant contact force at the catheter
tip.
The research project presented in this thesis is defined as part of a larger project
which aims at developing an image-guided robotics-assisted system for cardiac abla-
tion. A schematic of this system is illustrated in Figure 1.1. The highlighted sections
are those that are studied in this work. The proposed system is designed to have the
following features:
• Compatible with conventional steerable ablation catheters.
• Teleoperated master-slave control of steerable catheters.
• Capable of tool/tissue contact force control or display (haptic/visual).
• Intra-operative 3D visualization of the distal part of the catheter within the
beating heart.
In the proposed design, the user controls the motion of the catheter tip. The
user’s commands are sent from the master computer to the slave side where the slave
computer controls a robot manipulator. The robot steers the catheter through a
specifically designed actuation mechanism. The steerable ablation catheter is actu-
ated using pull wires while the position and orientation of its tip is tracked in real
time. The contact force and tip position data are fed back to the controller to ensure
that the catheter tip does not move away from the target location and an adequate
level of force between the tip and the tissue is always maintained. An imaging modal-
ity will provide intraoperative images to the user’s display and the user can feel the
contact force through the haptic device.
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Figure 1.1: Schematic of the master-slave robotic system for catheter-based cardiac
ablation.
It should be noted that although the existing robotic catheter manipulation sys-
tems (Section 1.3.1.1) improve dexterity and facilitate catheter navigation through
the vasculature, many of them do not provide the electrophysiologist with an estimate
of the contact force at the catheter tip, and none of them implements force control to
ensure a consistent contact between the catheter tip and cardiac tissue. The available
force sensing catheters (Section 1.3.1.3) are compatible only with certain equipment,
which is not necessarily commonly available. The emerging techniques for placing
force sensors at the tip of the catheters (Section 1.3.4.2) either call for significant
changes in the current structure of the catheters, or are not well suited for the case
of ablation catheters due to the presence of ablation electrode at the catheter tip
and/or temperature variations during the ablation procedure. On the other hand,
the kinematic models for describing the behavior of continuum manipulators (Sec-
tion 1.3.3.1) are generally developed based on the assumption that the manipulator
is not in contact with the environment and thus actuating the driving tendons causes
the manipulator to bend in the form of an arc with constant curvature. This as-
sumption is not valid during the ablation procedure, where not only is the catheter
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in contact with the myocardium, but it is also required to apply sufficient force on
cardiac tissue to produce the desirable outcome. Not meeting this requirement may
lead to poor model performance and inaccurate results.
A robotic system that is capable of manipulating the commonly used ablation
catheters and implementing force control at their tip is currently not available. It
is evident that in such a robotic system, a measure of the contact force should be
provided by techniques other than direct force measurement.
1.5 Thesis Structure and Contributions
This section summarizes the main contributions of this thesis. The outline of the
thesis and corresponding contributions in each chapter are as follows.
In Chapter 2, the behavior of the catheter tip in contact with the environment is
investigated. The objective of this study is to investigate how the shape of the
catheter changes when external forces are applied. A model is proposed to provide a
mapping between the contact force and the catheter shape. The main advantage of
the suggested approach is that it does not require information about tendon actuation.
• The force-deflection relationship of the catheter tip is described using a large
deflection beam model based on Euler-Bernoulli beam theory.
• Two different techniques for including the initial bending of the tip in the
calculations are proposed.
• The performance of the proposed model is validated experimentally for both
techniques and is compared to that of an FEM-based model.
Chapter 3 proposes an improved static model for the catheter’s distal shaft. The
well-established static equations are simple to understand and solve, and yield more
accurate results.
• The force-deflection relationship of the catheter tip is described with a pseudo-
rigid-body (PRB) 3R model originally proposed for a cantilever beam.
• It is shown that the performance of the PRB model is similar to that of the
beam model, but the equations are tractable and the model inverse can be
easily obtained.
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• An algorithm is presented for obtaining the parameters of the PRB 3R model
for the catheter.
• The performance of the customized PRB 3R model is validated experimentally
and is compared to that of the large deflection beam model used in Chapter 2.
• A more realistic setup is used to further evaluate the performance. Analyses of
the results show the superiority of the PRB 3R model.
• A mapping between the proximal handle displacement and the catheter tip
angle is obtained.
• It is shown that estimating the contact force using the proposed force-deflection
model and the obtained handle displacement-tip angle mapping is feasible.
In Chapter 4, the results of our first attempts to apply force control at the catheter
tip are presented. In the designed control system, a custom-designed strain sensor
provides an estimate of the contact forces at the catheter tip.
• The control system and the experimental setup are designed.
• The mappings between the proximal handle displacement, the tip angle and
the sensor output are derived.
• The controller parameters are tuned using force feedback from a force sensor.
• The full setup including the strain sensor, the controller and the static model
is tested to evaluate its performance.
The work in Chapter 5 is inspired by the results in Chapter 4. Observing the lim-
itations in the strain sensor’s performance, a thorough analysis on the shape of the
catheter’s distal shaft in free space and in contact with the environment is carried
out.
• An algorithm for extracting the catheter shape from images is developed. This
algorithm detects the smallest changes in the curvature of the catheter.
• The curvature of the catheter in free space is analyzed.
• A kinematic model for describing the distal shaft in free space is proposed and
the Denavit-Hartenberg (D-H) parameters are derived.
• The Performance of the proposed kinematic model is compared to that of the
model presented in Chapter 3 and a constant curvature model from the litera-
ture.
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• The curvature of the distal tip is analyzed for the cases when the catheter is in
contact with the environment.
• A force index that quantifies the effect of contact force on the tip curvature is
proposed.
• A Gaussian-Mixture Model (GMM) is used to associate the obtained force index
with a force range.
• A framework is suggested for determining where to mount strain sensors on the
catheter tip to have the best sensor performance.
• The proposed framework is also used to evaluate the performance of multiple
sensors.
In Chapter 6, a robotics-assisted catheter manipulation system is presented. The pro-
posed robotic system maintains a constant force at the catheter tip by compensating
for the motion of the moving target.
• An image-based algorithm for obtaining the position and orientation of the
catheter tip in real-time is proposed.
• The frequency response of the catheter is analyzed.
• A control system for achieving a desired tip angle in free space is developed.
• A technique for online estimation of the motion frequency is proposed.
• A control system that compensates for the motion of the tissue is developed.
• It is shown that the proposed approach improves the quality of contact between
the catheter tip and the moving environment.
• A discussion on the limitations of the system and how the system can be used
in a clinical environment is provided.
Chapter 7 summarizes the work presented in this thesis and provides guidelines and
suggestions for future work.
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Chapter 2
Static Modeling Based on Beam Theory
2.1 Introduction
Catheter-based cardiac ablation has gained increasing popularity in the treat-
ment of heart arrhythmias during the past two decades. It has become the most
widely accepted interventional treatment for cardiac arrhythmias with a high success
rate [2], [3]. However, it is considered a challenging interventional procedure which
may take up to 4 hours [4]. The major complexity arises from the fact that guidance
and control of the distal tip of a catheter inside a beating heart is difficult with-
out proper 3D visualization, dexterous control of the flexible catheter and a sense
of touch at the catheter tip. There are commercial software packages which provide
3D visualization of the heart and catheter using electro-anatomical mappings and/or
pre-operative CT/MRI images of a patient’s heart. Azizian and Patel [5] proposed
the use of online 3D ultrasound-based visualization of the heart and ablation catheter
using transthoracic echocardiography (TTE) images.
Robotic catheter control systems have also been developed to provide dexter-
ous manipulation of flexible ablation catheters. The SenseiR© robotic catheter system
(Hansen Medical, Mountain View, CA) provides a master/slave control system for
remote navigation and control of an ablation catheter using a steerable sheath [6];
It also displays a rough estimation of the tip contact forces on the screen [2]. The
NIOBER© magnetic navigation system (Stereotaxis, St. Louis, MO) provides mag-
netic navigation of a soft catheter [7]. Jayender et al. [8] proposed a master-slave
.A version of this chapter has been presented in IEEE International Conference on
Robotics and Automation (ICRA), 2012 and has been published in [1]. [ c©2012 IEEE]
Chapter 2: Static Modeling Based on Beam Theory 36
robotic system which guides an active catheter instrumented with Shape Memory
Alloy (SMA) actuators through the vasculature. However, none of these systems
provide haptic feedback or any sort of force/impedance control of the catheter tip.
Studies show that the forces applied by the catheter tip to the heart tissue have
a great impact on the outcome of the ablation procedure [2]. Insufficient force could
lead to incomplete ablation, while excessive forces could result in complications such
as cardiac perforation. Therefore, it would be very useful to provide the cardiologist
with a measure of the contact force at the distal tip of the catheter to help him/her
perform a faster and more reliable interventional procedure with less complications
due to improper catheter/endocardium contact during ablation. It would also be
useful to perform a hybrid position/force or impedance control on the catheter tip
in order to regulate the applied force at a desired level while keeping contact at a
target location on the beating heart wall. Recent work by Kesner and Howe [9] has
proposed a robotic catheter system to assist with surgery performed inside the beating
heart such as mitral valve annuloplasty. The proposed system benefits from a force
sensor mounted right at the tip of the catheter and a force controller which aids in
maintaining a constant contact force at the catheter tip during the procedure in spite
of the beating heart motion.
Control of the contact force or impedance at the tip of a steerable catheter
requires a model of its distal section. The problem of modeling a catheter has been
studied by a number of research groups and several different methods have been pro-
posed. Numerical approaches have been used for modeling and simulating a catheter
inside the vasculature. Ikuta et al. [10] and Dawson et al. [11] proposed a multibody
system for modeling long flexible instruments, such as catheters or endoscopes, in
which the flexible device is modeled as a set of rigid links connected by flexible joints.
Another technique was suggested by Kukuk et al. [12], where all possible shapes for a
discretized flexible instrument are found and then the shape which complies best with
the physical and mechanical constraints is selected. Another approach was proposed
by Konings et al. [13]. It considers a guidewire as a series of small rigid segments con-
nected with joints and finds the shape of the guidewire within the vasculature based
on the principle of minimization of energy, where energy is defined as a function of the
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positions of all joints. Another category of numerical methods assumes that a wire-
like object is composed of multiple beams and uses a finite element method (FEM) to
model it [14–16]. Although FEM can be used to model the behavior of long flexible
instruments, it is computationally expensive and may lead to inaccurate results if all
the constraints are not known.
Continuum robot theory is another approach to modeling a catheter [17]. The
behavior of continuum robots has been well studied and different models have been
proposed [18–20]. Camarillo et al. [21] developed a model for tendon-driven contin-
uum robots which can also be used for pull-wire catheters. In this model, a single
section of the manipulator is considered as a cantilever beam which undergoes large
deflection due to actuation by a single tendon. The displacements of tendons are em-
ployed to determine the shape of the manipulator using a mapping between tendon
displacements and the shape of the beam. However, this approach requires detailed
information of the actuators of a continuum robot which is not available for a catheter.
We model the distal section of a steerable ablation catheter as a beam that
undergoes large deflections and investigate the performance of such a model. The
developed model describes the in-plane bending of a catheter when the applied forces
are also in the catheter plane. The pull-wire bending of the catheter is modeled with
two different approaches and the results are compared. Notably, the proposed model
does not require extensive knowledge of the internal structure of the catheter and it
can be applied to an arbitrary steerable ablation catheter with a fairly simple calibra-
tion step. An experimental setup is used to validate the proposed model empirically.
This setup is described in Section 2.2. The mathematical model of a beam with large
deflections along with the approaches taken to describe the pull-wire bending of the
catheter tip is presented in Section 2.3. Section 2.4 reports experimental results which
are then discussed in Section 2.5. Section 2.6 concludes the chapter with suggestions
for future research.
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(a) Experimental setup (b) Right-angled chessboard used for
registering the coordinates in camera
images to global coordinates
Figure 2.1: Experimental setup.
2.2 Experimental Setup
The experimental setup is shown in Figure 2.1. A conventional 5-Fr catheter, which
can bend only in one direction, is used in the experiments for collecting force-deflection
data. The adopted force sensor is Nano43 from ATI Industrial Automation. This is
a multi-axis force/torque sensor that measures all six components of the force and
torque. The force sensor is mounted on the catheter at 60 mm from the ablation tip.
Two cameras (Dragonfly from Point Grey) capture 640× 480 resolution images and
record the shape of the catheter for each applied force. An X-Y-Z linear stage is used
to apply force to the catheter tip and hence deflect it in different directions. Global
coordinates are considered along the three directions of the linear stage, as shown in
Figure 2.1.
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2.2.1 Camera Registration
The two cameras are positioned perpendicularly, one on the side and the other above
the catheter tip and are used for generating the 3D shape of the catheter tip for each
applied force. A right-angled chessboard pattern (Figure 2.1b) is fixed to the linear
stage. Since the position of points on the chessboard are known in its local coordinates
and the chessboard is in a known position with respect to the linear stage, describing
the chessboard points in global coordinates is straightforward and the chessboard can
be used to register the two cameras to global coordinates. The registration process is
as follows [8]:
1. The coordinates of the corners of the chessboard in global coordinates are
determined. The set of these points is denoted by C.
2. Using the linear stage, the chessboard is moved step-by-step in each direction.
In each step, images of the chessboard are captured from both views. Is and
It represent the images for side and top cameras, respectively.
3. Corner points in images Is and It are extracted and arranged in two set points
Cs and Ct in the same order as the points in C for side and top images,
respectively.
4. The transformation that describes the coordinates of image points in global
coordinates is determined by the least-squares method.
For obtaining the transformation relating the image points to global coor-
dinates, three sets of points are defined: Cs = {(xsk , zsk)|k = 1, ..., j}, Ct =
{(xtk , ytk)|k = 1, ..., j} and C = {(xk, yk, zk)|k = 1, ..., j}, where j is the number
of points used for registration. These points may be rearranged in matrix form as:
Q =

xt1 . . . xtj
yt1 . . . ytj
xs1 . . . xsj
zs1 . . . zsj
 , C =

x1 . . . xj
y1 . . . yj
z1 . . . zj
 (2.1)
The transformation that maps Q into C is a 3× 4 matrix, namely T , which is
obtained by solving the following optimization problem:




The optimization problem has a unique solution when there are at least four
nonplanar points. In our case, 8 nonplanar points can be extracted from the chess-
board, so a unique transformation matrix, T0, can be calculated. The matrix T0 can
then be used for determining the 3D coordinates of a point, based on the images from
the side and top cameras. If a point cp has the coordinates cps = [xps zps]
T and
cpt = [xpt ypt]
T in the side and top cameras, respectively, then its 3D coordinates in












For registration, the chessboard was moved by 2-mm steps in each direction for
10 steps using the linear stage. In each step, images of the chessboard are captured
by each of the cameras, resulting in 31 images for each of them. Hence, 248 points
are used for registration. The standard deviation of the registration error is 0.6 mm,
0.38 mm and 0.35 mm in x, y and z directions, respectively.
2.3 2D Static Model for the Catheter tip
The goal is to develop a static model which describes the mapping between the force
sensor readings and the ablation tip deflection for the catheter. We assume that the
catheter is positioned inside the heart chamber manually. The focus is on the distal
deflectable shaft of the catheter that comes out of its sheath. It is assumed that this
shaft cannot move in and out of the sheath and cannot rotate from its base. With
these assumptions, the catheter tip inside the heart chamber is similar to a cantilever
beam and the same boundary conditions apply, i.e., the catheter tip is fixed at one
end and the other end is free and experiences applied forces. It is also assumed that
the catheter is adjusted such that the applied forces and the bending of the tip all
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Figure 2.2: Deflection of an initially curved cantilever beam caused by external
loads concentrated at the free end
occur in a 2D plane.
2.3.1 Large Deflection Beam Model
Figure 2.2 shows a uniform thickness initially curved cantilever beam that is loaded
with three end loads: Fx, Fy and Mz. To derive the load-displacement relations for
this beam, it is assumed that Euler-Bernoulli assumptions are valid and hence the
curvature κ at any point of the beam is proportional to the bending moment M at
that point, i.e.,
EIκ = M (2.4)
where E is the Young’s modulus and I is the moment of inertia of the beam cross-
section around the natural axis. It is also assumed that bending does not change the
length of the beam.
In Figure 2.2, L denotes the length of the beam, δx and δy are the horizontal and
vertical components of displacement at the loaded end, respectively, Ri is the radius
of curvature in the undeflected beam shape and Φ = φtip is the maximum deflection
angle of the beam that occurs at the loaded tip. Parameters with subscript “i” relate
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to the initial configuration of the beam. The origin of the Cartesian coordinate system
is assumed to be at the fixed end of the beam. The exact equation for the curvature





For small deflections, δx (Figure 2.2) is negligible and the curvature at any





Hence in the case of small deflections, the load-displacement relation is reduced
to a linear one. However, since the catheter tip can bend from zero to over 90◦, a small-
deflection model will not yield accurate results. Moreover, the catheter tip is deflected
before it comes in contact with the tissue, implying that a more comprehensive model
should be sought for the catheter. The bending moment M at an arbitrary point (x, y)
along the beam is
M = Fx(δy − y) + Fy(L− x− δx) (2.7)
Substituting Equations (2.7) and (2.5) in Equation (2.4) and differentiating both sides









From Figure 2.2, dxds = cosφ and
dy

























− Fx cosφ+ Fy sinφ = C (2.11)
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+ Fy sin Φ− Fx cos Φ (2.13)
For simplicity, the following notations are used:






1 + n2, ΘF = tan
−1 1
−n (2.14)


































Taking into account that cosφ = dxds and sinφ =
dy
ds , the horizontal and vertical
deflection of the tip are found as



































In Equations(2.16)-(2.18), the parameters α,Mz,ΘF define the loads applied at the
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tip and the parameters Φ, a, δy describe the tip deflection. Unfortunately, it is not
convenient to solve for deflection parameters when the load parameters are known,
since the parameter Φ is one of the integration limits. A number of techniques have
been proposed to solve large-deflection beam equations; e.g., Howell [23] suggested a
solution based on elliptic integrals and Saxena and Kramer [24] solved the problem
using numerical methods.
2.3.2 Modeling the Initial Bending of the Catheter Tip
Using the proximal handle, the catheter tip may be bent into different angles before
the external forces are applied. In pull-wire catheters, the pull-wires are coaxial with
the hollow catheter body and are extended from the proximal handle to the distal
tip, where they are attached. Manipulating the proximal handle will put tension on
just one of the pull wires, resulting in the in-plane deflection of the distal tip. With
such a mechanism, the tension force in a pull-wire creates a moment at the catheter
tip, which causes tip deflection.
The load-displacement relations derived in the previous section are valid when
α 6= 0. To estimate the moment that causes the initial bending of the catheter,












Based on the large deflection model presented in the previous section and the
end moment load-tip deflection angle relation (Equation (2.20)), the initial bending
of the catheter can be modeled with two different approaches:
1. Initial curvature approach: It is assumed that the bent catheter is an “initially
curved beam” with the initial radius of curvature Ri, on which the external
forces with arbitrary in-plane directions are applied.
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2. Moment approach: The bending of the catheter tip before applying the exter-
nal forces is used to calculate the moment at the tip using Equation (2.20). The
external forces are then applied in arbitrary in-plane directions and measured
by the force sensor.
In both approaches, the tip deflection caused by external loads is calculated
and then compared to the actual tip deflection obtained from images.
2.3.3 Analysing the Effect of Beam Rigidity on the
Load-Displacement Relation
To investigate how the large deflections of a cantilever beam relate to the applied end
loads, an estimate of the rigidity of the beam is required. Figure 2.3 shows how the
value of the product E ∗ I affects the load-displacement relation of a cantilever beam.
The resulting curves shown in this figure are obtained using the following arbitrarily
chosen nominal values for parameters:
n = 0 , L = 60 mm , Ri = 120 mm (2.21)
Mz = 0 gf.mm
2 , EI0 = 60000 g.mm
2
From Figure 2.3, in the range of applied loads, if the value of E ∗ I is not
estimated correctly, there will be an increasing error between the real value of the
deflection angle and the calculated one obtained from the beam model equations
(Equations (2.16)-(2.18)). This fact does not depend on the nominal values for the
other parameters (Equation (2.21)).
2.3.4 Finite Element Analysis of the Catheter Tip
Numerical methods provide a different approach to finding the deflection of the
catheter tip when the loads are applied to its free end. Herein, the performance
of the finite element method in describing the load-deflection relation of the catheter
tip is compared to that of the analytical beam model.
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Figure 2.3: Relation between the beam tip deflection Φ and the end force P for
different values of E ∗ I
The catheter tip is decomposed into a number of two-dimensional beam ele-
ments shown in Figure 2.4, where Le is the length of the beam element, fx is the
axial force, fy is the transverse force and fθ is the bending moment at each node.
The beam has three degrees of freedom for each node, namely horizontal displacement
(ux), transverse displacement (uy) and angular rotation (uθ).
Figure 2.4: A beam element
For each of the beam elements, the elementary stiffness matrix Ke is a 6 × 6
symmetric matrix that relates the position of each node to the loads applied to the











































where A is the beam cross-section area, Le is the length of the beam element, E
is the Young’s modulus and I is the moment of inertia of the beam cross-section.
The global stiffness matrix, K is then calculated by combining the contribution of
each beam element toward the overall displacement. The equation that describes the
relation between the applied forces and the position of the beam ends is



















The catheter tip is assumed to be a cantilever beam and hence the boundary
conditions for the base node (the clamped end of the tip) will be
ux1 = uy1 = uz1 = 0 (2.24)
This linear formulation cannot be used directly to obtain the tip deflection, since
in the case of the catheter, tip deflections are large and hence nonlinear. To solve
this problem, in a method similar to that used in [14], the applied force is increased
gradually upto its final value (measured by the force sensor) and the stiffness matrix
K is updated at each step.
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Figure 2.5: Pseudo-rigid-body model for an initially curved cantilever beam
2.4 Experimental Results
The performance of the large deflection beam model for describing the behavior of the
catheter tip is evaluated experimentally. It should be noted that the forces applied
at the tip of the catheter are equal to those read by the mounted force sensor. This
fact, theoretically proved by the static equilibrium equations for the catheter tip, is
also validated experimentally. Another force sensor was placed right at the tip of
the catheter and it was verified that the difference between the readings of the force
sensors does not exceed 0.1 gram-force (gf). The catheter tip mass is estimated to be
1 g and it was verified experimentally that it does not contribute to the tip deflection.
Nevertheless, the weight can be easily included in the applied loads without the need
for altering the model.
2.4.1 Rigidity of the Catheter Tip
A pseudo-rigid-body model can be used to determine the rigidity of the catheter tip
at each deflection angle. Using this model for describing the large deflections of an
initially curved beam (Figure 2.5), the deflection angle Θ depends on the applied
transverse force Ft through [25]:
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where L is the length of the beam, γ is the characteristic radius, KΘ is the stiffness
coefficient and ρ is a function of γ and the curvature [25].
Using Equation (2.25), the value of the product E ∗ I is determined experi-
mentally for a number of bending angles. Figure 2.6 shows the experimental results
and the curve to which the points are fitted. For each bending angle at the catheter
tip, the corresponding value for EI is used in the beam equations (Equations (2.16)-
(2.18)) to predict the final shape of the catheter from the initial bending and force
data.
2.4.2 Evaluating Model Performance
Using the experimental setup described in Section 2.2, force and deflection data are
collected with three different approaches. These three approaches will be helpful in
observing how the previous shape of the catheter affects its current shape:
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(a) Tip angle (Φ) vs. force
(P )


























(b) Horizontal deflection (δx)
vs. force (P )



























(c) Vertical deflection (δy) vs.
force (P )
Figure 2.7: Estimation of Φ, δx and δy for dataset A, when P is measured using the
force sensor and n = 0.
1. The catheter tip is bent to an initial angle. A concentrated vertical force
(n = 0) is applied at the tip and force data and the catheter shape are recorded.
The force is released and the catheter restores its initial bent shape before force
is applied for the next sample. The data collected using this approach is stored
as dataset A.
2. The catheter tip is bent to an initial angle and a concentrated vertical force
(n = 0) is applied at the tip. The force and deflection data are recorded
consecutively without restoring the catheter to its initial bent shape between
each two samples. Moreover, the tip angle may change during data collection
using the catheter handle at the proximal end. The dataset B includes the
data points collected at different tip angles.
3. The catheter tip is bent to an initial angle and a series of increasing concen-
trated axial loads (n = − cot Φ) are applied. Using the catheter’s proximal
handle, the catheter tip is returned to its straight position before the tip is
bent to reach a new deflection angle. The force and deflection data collected
using this approach are stored as dataset C.
For all datasets, the beam model takes the initial bending angle of the tip and
the force data to calculate the final deflection angle, which is then compared to the
actual value measured experimentally. The results are shown in Figures 2.7-2.9 for
both the initial curvature and moment approaches.
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(a) Tip angle (Φ) vs. force
(P )































(b) Horizontal deflection (δx)
vs. force (P )





























(c) Vertical deflection (δy) vs.
force (P )
Figure 2.8: Estimation of Φ, δx and δy for dataset B, when P is measured using the
force sensor and n = 0.






















(a) Tip angle (Φ) vs. force
(P )































(b) Horizontal deflection (δx)
vs. force (P )




























(c) Vertical deflection (δy) vs.
force (P )
Figure 2.9: Estimation of Φ, δx and δy for dataset C, when P is measured using the
force sensor and n = − cot Φ.
Table 2.1 provides statistical measures that show the model performance. In
this table, MAE and RMSE denote the mean absolute error and the root mean square
error. The tip angle was measured in radians and all deflection measurements were
in millimeters.
The model predicts the tip deflection angle with an error less than 0.0197 rad
(≈ 1.13◦). The error in estimating the horizontal and vertical components of the
displacement is less than 0.6 mm (Table 2.1). Considering that the catheter diameter
is 1.67 mm, this error is acceptable since the position of the catheter tip is estimated
with an error of the order of the tip radius. From Table 2.1, the performance of the
analytical beam model is almost the same as that of the FE-based model. Moreover,
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Table 2.1: Statistical measures showing model performance for the datasets A, B
and C evaluated for all results shown in Figures 2.7, 2.8 and 2.9 (Appr.1: Initial
Curvature Approach; Appr.2: Moment Approach, FEM: FE-based Model)
MAE
Dataset A Dataset B Dataset C
Appr.1 Appr.2 FEM Appr.1 Appr.2 FEM Appr.1 Appr.2 FEM
φ (rad) 0.013 0.013 0.015 0.015 0.015 0.021 0.012 0.013 0.007
δx (mm) 0.184 0.182 0.138 0.227 0.228 0.201 0.228 0.228 0.233
δy (mm) 0.423 0.421 0.216 0.432 0.43 0.388 0.435 0.383 0.326
RMSE
Dataset A Dataset B Dataset C
Appr.1 Appr.2 FEM Appr.1 Appr.2 FEM Appr.1 Appr.2 FEM
φ (rad) 0.017 0.017 0.019 0.02 0.02 0.025 0.017 0.018 0.009
δx (mm) 0.223 0.221 0.167 0.299 0.3 0.259 0.287 0.279 0.283
δy (mm) 0.495 0.493 0.269 0.599 0.597 0.472 0.546 0.483 0.3902
modeling the initial bending of the catheter with a moment that could have caused
such a deflection leads to slightly more accurate results. Furthermore, the model
performs better in predicting the final tip angle for Datasets A and C. This is mostly
due to the different approaches in collecting data samples and shows that the previous
shape of the catheter introduces some error in the results. Finally, the results suggest
that the model can predict the final tip angle accurately for axial loads as well as
vertical ones.
2.5 Discussion
In the previous section, the performance of the beam model in estimating the shape
of the catheter tip was evaluated and statistical measures for model performance were
provided in Table 2.1. The factors that contribute to errors for all approaches include:
1. Error in measuring the tip angle and the horizontal and vertical components
of the displacement due to camera registration error.
2. The catheter wears down during the experiments, causing the characteristics
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of the catheter to change gradually over time. This effect is best seen by a
closer look at the results for dataset B (Figure 2.8). In this dataset, the earlier
the sample is collected, the closer it is to the value predicted by the proposed
model. A complete study of how the stiffness of a catheter changes over time is
beyond the scope of this chapter. However, the rigidity analysis of the catheter
tip (Section 2.3.3) reveals that if the value of EI varies within ±10% of its
original value, the introduced error in predicting the final tip deflection angle
will be less than 3.5%.
3. Internal structure of the catheter: The catheter tip may look like a cantilever
beam; however its internal structure is quite different and consists of different
parts. For example, bending is caused by pulling one of the plates. Since
the catheter structures can be quite different, including this information in
the static model leads to model complexity and restricts the model to specific
catheters only. Moreover, it is worthwhile noting that when the tip angle is
changed by the proximal handle, there is a delay until the catheter reaches a
specified angle. This is also true when the catheter is restored to its straight
position. This effect could be due to friction in the internal structure of the
pull-wire catheter.
In proposing the beam model, it is assumed that the catheter bends in the plane
of the applied force; however this assumption is not generally true. The next step in
verifying the beam model for the catheter tip would be to extend the 2D model to a
3D one and repeat the experiments for a more general set of data.
2.6 Conclusions
In this chapter, using a large deflection beam model for describing the behavior of
the distal section of a steerable catheter under applied tip forces was investigated. To
the best of our knowledge, this is the first attempt to provide an analytical mapping
between the forces applied at the tip of a steerable ablation catheter and its shape
without using any knowledge of the catheter internal structure. This is the key issue
in modeling the behavior of a steerable catheter when its tip is in contact with tissue.
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The suggested model was validated through experiments on a conventional pull-wire
ablation catheter under different conditions and it was shown that the developed
model is capable of estimating the shape of the distal section of a steerable catheter
based on the forces applied at the distal tip.
This work presented an analytical static model for an ablation catheter which
can be a first step towards designing a model-based force-position control of the
catheter tip. Setting our sights on designing such a controller, we have focused on
developing a general static model that can describe the behavior of conventional steer-
able ablation catheters. Extending the proposed model to a 3-dimensional model by
considering out-of-plane bending and providing real-time force-deflection calculations
will lead to a generalized model that could potentially be used to design a hybrid
force/position or impedance controller for a robot-assisted catheter control system.
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Chapter 3
Static Pseudo-Rigid-Body 3R Model
3.1 Introduction
Heart arrhythmias correspond to abnormal electrical activity in heart chambers,
resulting in irregular heartbeat or abnormal heart rhythm. Over the past two decades,
catheter-based cardiac ablation has been increasingly offered as a curative procedure
to patients suffering from cardiac arrhythmias [2, 3]. In the conventional method of
catheter ablation, a thin flexible tube, called a catheter, is inserted through small
incisions in the neck, arm or groin area and is guided through the blood vessels to
reach inside the heart. The catheter is then steered under image guidance (most
commonly X-ray fluoroscopy) to be positioned properly on the target location and a
form of energy (usually radio frequency) is delivered to burn appropriate cardiac
tissue and restore normal heart rhythm. Due to the heart beat and respiratory
movements, not only is the accurate positioning of the catheter under 2D X-ray
fluoroscopic image guidance a challenging task, but also without having an estimate
of catheter tip/tissue contact force, the need to maintain a sufficient and consistent
force introduces new difficulties. Hence, new techniques are being sought to improve
the efficacy of the ablation procedure by offering 3D visualization, dexterous control
of the flexible catheter and a sense of touch at the catheter tip.
Steering catheter through blood vessels and inside the heart chambers can
be facilitated by a robotic catheter control system which provides dexterous ma-
nipulation of a flexible ablation catheter. The SenseiR© robotic catheter system
.A version of this chapter has been presented in IEEE International Conference on
Robotics and Automation (ICRA), 2013 and has been published in [1]. [ c©2013 IEEE]
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(Hansen MedicalR©, Mountain View, CA, USA), the NIOBER© magnetic navigation
system (Stereotaxis, St. Louis, MO, USA) and the AmigoR© Remote Catheter Sys-
tem (Catheter Robotics, Mount Olive, NJ, USA) are commercial robotic systems that
provide remote navigation and control of flexible ablation catheters [2,4–8]; However,
they do not provide haptic feedback or force/impedance control of the catheter tip.
Moreover, both SenseiR© and NIOBER© work with custom-designed catheters. The
two master-slave force-reflecting robotic systems presented in [9–11] reflect a mea-
sure of the force at the slave side to the user via a haptic interface. However, the
force reflected to the master side is the force that the slave actuator applies for in-
serting and manipulating the catheter. Hence, although the user is provided with
force feedback from the slave side, the contact forces at the catheter tip are still
unknown. In the ideal case, a catheter control system should provide the user with
hybrid force/position control of the catheter tip, such that maintaining a certain force
at the desired location is always guaranteed.
This chapter studies how the shape of the catheter distal tip changes when forces
are applied. The problem of modeling catheters and similar mechanisms has been
studied by several researchers [12–17]. Numerical models are mainly developed for
simulating the catheter behavior inside the vasculature [18–22]. While these methods
provide powerful tools for simulation purposes, in most cases, it is not convenient
to use them in designing control systems. It is worthwhile noting that one of the
limitations in modeling the conventional steerable ablation catheters is that detailed
information about the internal structure, pull-wires and internal friction is not often
available. Moreover, because of tip electrodes, placing force sensors right at the distal
tip is challenging.
A large deflection beam model is based on the Euler-Bernoulli beam theory
and describes the nonlinear displacement of the beam when it is bending beyond the
linear range. Pseudo-rigid-body (PRB) models provide an easier and more efficient
method of describing the force-deflection relationships of a compliant system that
undergoes large deflections [23]. A cantilever beam is modeled as a pseudo-rigid-
body with two rigid links connected with a revolute joint and a torsional spring.
The PRB of a cantilever beam has been studied extensively to comply with different
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loading conditions with high accuracy [24, 25]. Su suggested a PRB 3R model of a
cantilever beam to further improve the model accuracy for different load modes [26].
To calculate the parameters of this model, the link lengths and spring stiffness values
are optimized such that the model can always estimate the path that the tip of a
cantilever beam would follow under applied loads. In our previous work, we showed
that a large deflection beam model can estimate the shape of the bending section of a
steerable catheter, if the applied force is known [27]. In this chapter, a PRB 3R model
for the catheter tip is introduced to describe the force-deflection relationship of the
catheter tip. The model parameters are determined such that the model will estimate
the path that the catheter tip follows when loads are applied. The model performance
is evaluated empirically and it is shown that the proposed model can define the force-
deflection relation of different catheters with a calibration step. The model described
in this chapter has a number of significant advantages over that in our previous work:
It substantially improves the accuracy in estimating the position of the catheter tip.
Unlike the model in [27], the model proposed herein is numerically stable (it does not
require solving nonlinear integrals), its inverse model is well-defined, its equations
are simpler and can be implemented in real-time. These factors make the proposed
model a convenient choice for use in developing a control strategy. In Section 3.2,
the pseudo-rigid-body 3R model for a cantilever beam is briefly reviewed. Section 3.3
gives an overview of how the catheter tip shape is estimated using a beam model
and its pseudo-rigid-body equivalent. Details of defining a pseudo-rigid-body 3R
model for a steerable catheter are given in Section 3.4. Empirical results evaluating
the proposed model performance are found in Section 3.5 and finally, Section 3.6
concludes the chapter with suggestions for future research.
3.2 Pseudo-Rigid-Body 3R Model of a Cantilever
Beam
Figure 3.1 shows a cantilever beam and its equivalent PRB 3R model. The cantilever
beam is initially straight with length L and the origin of the Cartesian coordinate
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(a) Deflection of a cantilever beam with applying end loads
(b) Equivalent pseudo-rigid-body 3R model
Figure 3.1: Deflection of a loaded cantilever beam and its pseudo-rigid-body model
equivalent.
system is assumed to be at the fixed end of the beam. Loads are applied in such a
way that the beam deflection occurs in the xy plane. The applied loads include end
moment Mz and end force F which has components in both x and y directions, where
ΘF denotes the direction of the end force F . Horizontal and vertical components of
tip deflection at the loaded end are represented with a and b, respectively, and Φ is
the maximum deflection angle of the beam that occurs at the loaded tip.
The PRB 3R model replaces a flexible cantilever beam with four rigid links
connected by three revolute joints and three torsional springs [26] and is an improve-
ment on the PRB 1R model [23] with higher accuracy. From Figure 3.1, the following
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equation holds for the characteristic radius γi , i = 0, 1, 2, 3:
γ0 + γ1 + γ2 + γ3 = 1 (3.1)
Denoting the deflection angle of joints by Φi , i = 1, 2, 3, the equations describing
the forward kinematics of a 3R serial chain can be written as:
Px = γ0 + γ1c1 + γ2c12 + γ3c123
Py = γ1s1 + γ2s12 + γ3s123












is the normalized tip point and c1 = cos Φ1, s1 =
sin Φ1, c12 = cos(Φ1 + Φ2), s12 = sin(Φ1 + Φ2), c123 = cos(Φ1 + Φ2 + Φ3), s123 =
sin(Φ1 + Φ2 + Φ3).











where JT is the transpose of the Jacobian of a 3R manipulator derived by differenti-
ating Equation (3.2). Let’s assume:
τ i = kiΦi , i = 1, 2, 3 (3.4)
i.e., the joint torques are proportional to the joint deflection angles. The optimal link
lengths for a 3R serial chain to follow the path of the free end of a cantilever beam
under applied loads are found to be [26]:
γ0 = 0.1 , γ1 = 0.35 , γ2 = 0.4 , γ3 = 0.15 (3.5)
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where E is the Young’s modulus and I is the moment of inertia of the beam cross-
section around the neutral axis. A detailed discussion of the optimization algorithm
and how the optimal values are determined can be found in [26].
3.3 Experimental Evaluation of the Beam PRB
3R Model for the Catheter Tip
In this section, the performance of the beam PRB 3R model in estimating the angle
and position of the catheter tip under applied loads is evaluated experimentally and
is compared to the performance of a large deflection beam model.
3.3.1 Evaluating Model Performance
The performance of the PRB 3R model in estimating the large deflections of a catheter
is evaluated by examining the tip deflection with applying loads, using the experi-
mental setup described in Section 2.2. Since different loading conditions may affect
the load-displacement relation, two different approaches are used to collect force and
deflection data:
1. For dataset A, the catheter tip is bent to an initial angle. A concentrated
vertical force (Fx = 0) is applied at the tip. The force is released and the
catheter returns to its initial bent shape before another force is applied.
2. Dataset B is collected using the same method as for dataset A, but with
applying a series of increasing concentrated end loads acting in the direction
of the tip (ΘF = pi + Φ), i.e., the applied force has components in both x and
y directions.
For both datasets, the PRB 3R model takes the initial bending angle of the
tip and the force data to calculate the final deflection angle, which is then compared
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(a) Tip angle estimation - Dataset A






















(b) Tip angle estimation - Dataset B















(c) Tip position estimation - Dataset A















(d) Tip position estimation - Dataset B
Figure 3.2: Performance of the large deflection beam model and the PRB 3R model
in estimating the shape of the catheter tip under applied loads.
to the actual value measured experimentally and the value obtained from the large
deflection beam model [27] (Table 3.1). It is observed that although the tip angle
is estimated accurately, there is an offset between the actual and estimated position
of the tip. This variable offset depends on the initial bending of the catheter and is
partially due to the inaccurate estimation of the tip rigidity.
Statistical measures of model performance are given in Table 3.1. In this table,
MAE and RMSE denote the mean absolute error and the root mean squared error.
The tip angle is measured in degrees and all position measurements are in millimetres.
From Table 3.1, the performance of the PRB 3R model and the large deflection beam
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Table 3.1: Statistical measures showing model performance for datasets A and B
evaluated for the large deflection beam model and the PRB 3R model.
Beam Model PRB 3R Model
MAE RMSE MAE RMSE
Dataset A Tip angle (deg) 0.6203 0.92 0.6324 0.8761
Tip position (mm) 2.9356 3.178 3.1026 3.3468
Dataset B Tip angle (deg) 0.6441 0.8452 0.7646 0.9813
Tip position (mm) 1.9778 2.0978 2.3967 2.5193
model are similar. This is expected as the PRB 3R model provides an approximation
to the large deflection beam model. The tip angle has been estimated with an error
less than one degree, however the variable position offset leads to noticeable error
in position estimation (an error greater than the radius of the catheter). Previously
in [27], the offset was calculated by observing the first two collected data points at
each bending angle; the model was not convenient to use in real-time estimations. To
solve this problem and to ensure model performance for a range of applied loads and
bending angles, hereinafter, a 3R rigid manipulator is proposed using the catheter
force-deflection data. The parameters of this model are optimized such that the
manipulator follows the path of the catheter tip with the correct orientation. Without
the need to remove any position or angle offsets, the proposed model is simple and
convenient to use in real-time applications and control structures.
3.4 Pseudo-Rigid-Body 3R Model of a Catheter
Tip
To find the PRB 3R model of the catheter tip, link lengths γi, i = 0, 1, 2, 3 and
spring stiffness values should be determined in such a way that the model follows
the catheter tip position and orientation for different load modes with an acceptable
error. The search algorithm is adapted from [26] with minor changes:
• γi ∈ [0.05, 0.5] , i = 0, 1, 2, 3 is chosen such that:
∑3
i=0 γ = 1.
• For each set of γi, the spring stiffness kinit is calculated for dataset points
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defining the initial shape of the catheter tip, i.e., the catheter is bent, but no
force is applied and the load at the tip is a pure moment load.
• For each set of γi, the spring stiffness kfin is calculated for dataset points
defining the final shape of the catheter tip in dataset A, i.e., the catheter is
bent, and a vertical force is applied.
• The optimal set of γi is the set for which ||kinit− kfin|| is minimum, i.e., kinit
is closest to kfin.
With this optimization procedure, the optimal characteristic radius factors were
found to be:
γ0 = 0.05 , γ1 = 0.4 , γ2 = 0.5 , γ3 = 0.05 (3.7)
for which:
kinit = [3.2258 2.1349 4.3986] ∗
EI
L







, i = 1, 2, 3
as the normalized spring stiffness values. Setting the link lengths to their optimal
values (Equation (3.7)), best kθi , i = 1, 2, 3 for a range of different load modes should






By averaging over κ ∈ (0, 32), optimal values for normalized stiffness kθ, are
obtained:
kθ1 = 3.298, kθ2 = 2.052, kθ3 = 4.515 (3.9)
Chapter 3: Static Pseudo-Rigid-Body 3R Model 67



























Figure 3.3: kθi vs. load ratio κ ∈ (0, 32) for ΘF = −pi2 .
Table 3.2: Statistical measures showing the model performance for datasets A and
B evaluated for the PRB 3R model of the catheter tip.
Dataset A Dataset B
MAE RMSE MAE RMSE
Tip angle (deg) 0.671 0.911 0.6863 0.8018
Tip position (mm) 0.6883 0.7831 0.8057 0.8586
Figure 3.4 shows how the obtained model estimates the final shape of the
catheter tip. The configuration of the 3R manipulator is shown for a number of
tip points. Statistical measures are given in Table 3.2. It is observed that with the
catheter tip PRB 3R model, the offset is removed and the accuracy is improved.
It is worthwhile noting that since in most cases the catheter is bent before it
touches the heart tissue, the load modes used to obtain the model parameters are
pure moment (bent catheter) and a combination of moment and vertical end force
(force applied on the bent catheter). Pure force loads were applied on the initially
straight catheter and data points were collected to ensure model performance, but
this data was not used in obtaining optimal parameters for the proposed model.
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Catheter PRB 3R Model
(a) Tip angle estimation - Dataset A




















Catheter PRB 3R Model
(b) Tip angle estimation - Dataset B






















(c) Tip position estimation - Dataset A














Catheter PRB 3R Model
(d) Tip position estimation - Dataset B
Figure 3.4: Performance of the catheter PRB 3R model in estimating the shape of
the catheter tip under applied loads (solid grey: link configuration).
3.5 Performance Evaluation of the Catheter PRB
3R Model in a More Realistic Environment
The Performance of the catheter tip PRB 3R model is further studied in a second
experimental setup, which is more realistic in the sense that the catheter is passed
through a standard sheath and it is no longer clamped and fixed at one end. Hence,
as the loads are applied on the free end, the base of the bending section may move
as well. Herein, it is investigated if the model parameters can be determined such
that the model accurately describes the relation between the applied loads and the
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Figure 3.5: A view of catheter tip in the second experimental setup.
catheter tip angle.
3.5.1 Experimental Setup
In the experimental setup for this part, the base of a motorized linear stage (Zaber
Technologies Inc., Vancouver, BC, Canada) is fixed to the table and the catheter
handle is fixed to the sliding stage by an ABS rapid prototyped adaptor piece. The
catheter is a conventional 7-Fr radio frequency ablation catheter that can bend in
only one direction. The catheter is passed through a standard catheter sheath which
is fixed in place along its length, so there is no out-of-plane bending. The distal 8 cm
of the catheter, which is the bending section, is free in space. A camera (DragonflyR©,
Point Grey Research Inc., Richmond, BC, Canada) is placed on the side to record
640×480 resolution images of the catheter tip. A force sensor (Nano17, ATI Industrial
Automation, Apex, NC, USA) is used to apply forces on the tip (Figure 3.5).
3.5.2 Evaluating Model Performance
By actuating the catheter handle with the motorized linear stage, the catheter tip
is bent to different angles and its shape is recorded before and after the force is
applied. The catheter tip rigidity in different bending angles is estimated by the
method described in [27]. To determine the parameters of the PRB 3R model for
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Catheter PRB 3R Model
Large−Deflection Beam Model
(a) Tip angle estimation













Catheter PRB 3R Model
Large−Deflection Beam Model
(b) Tip position estimation
Figure 3.6: Performance of the catheter PRB 3R model and the large deflection
beam model when the tip end is not fixed (solid grey: link configurations - catheter
PRB 3R model).
Table 3.3: Statistical measures showing the performance of the catheter PRB 3R
model and the large deflection beam model when the tip end is not fixed.
Catheter
PRB 3R Model Beam Model
MAE RMSE MAE RMSE
Tip angle (deg) 1.083 1.4203 4.4352 4.8957
Tip position (mm) 1.2404 2.002 7.0644 7.4211
this catheter, vertical forces are applied on the bent catheter and the tip angle data
is recorded. The optimization algorithm from Section 3.4 is then used to obtain the
optimal link parameters and spring stiffness values for this catheter, which are found
to be:
γ0 = 0.15 , γ1 = 0.25 , γ2 = 0.25 , γ3 = 0.35 (3.10)
and
kθ1 = 2.1546, kθ2 = 8.6564e3, kθ3 = 1.6886 (3.11)
The large value of kθ2 shows that the corresponding joint angle is nearly zero. It
means that the catheter in this special case can also be modeled with three links and
two revolute joints.
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To ensure model performance for different loads, forces are applied on the bent
catheter in various in-plane directions and shape data is collected. A comparison of
the empirical data and the model results is given in Figure 3.6. Table 3.3 provides
the statistical measures of model performance. It is noticeable that although in this
experimental setup, the catheter tip is not fixed at one end, the model follows the
position and angle of the catheter tip, but with a larger error compared to the previous
case, where the tip was fixed at one end. This result suggests that with optimizing
the model parameters based on force-deflection data of the catheter tip, it is possible
to have basic information about the shape of the catheter tip. To confirm that the
catheter PRB 3R model shows a better performance in estimating the tip shape, in
Figure 3.6 and Table 3.3, we have also provided the results of estimating the shape
using the large deflection beam model. It is evident that the PRB 3R model has
significantly improved the estimation accuracy.
3.5.3 Estimating Contact Force from Catheter Shape and
Handle Displacement
Observing that the catheter tip PRB 3R model can describe the relation between
catheter tip deflection and applied forces, we now investigate the performance of the
inverse model in estimating the contact force from the actuation information, i.e., if
the forces applied at the catheter tip can be calculated by observing the tip angle and
the displacement at the catheter proximal handle.
3.5.3.1 Mapping Handle Displacement to Tip Angle
Using the motorized linear stage, the catheter proximal handle is moved by 1 mm in
each step and the catheter tip shape is recorded. This procedure has been done 8
times forth and back. A mapping between the handle displacement and the catheter
shape is achieved by fitting a two-term power series model to the data from all runs
(Figure 3.7):
Φ(d) = 0.0144(d+ 1)3.535 + 1.256 (3.12)
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(a) Tip angle vs. handle displacement in
different runs (forward: solid, backward:
dashed)



















Tip Angle vs. Handle displacement
Fitted curve
(b) Curve fitted to tip angle vs. handle
displacement data
Figure 3.7: Relation between handle displacement and tip angle in different runs.
where Φ and d represent the tip angle and the handle displacement respectively.
3.5.3.2 Data Collection and Experimental Results
The force sensor is placed under the catheter tip such that as the tip bends the
sensor exerts a vertical force on it. The catheter proximal handle is actuated using
the motorized linear stage. For each handle displacement, the force and tip shape
data are collected. Using Equation (3.12), the initial bending angle of the catheter
is calculated for each displacement. This is the angle that the tip would have if the
force was not applied, i.e., if the tip was being moved in free space. The contact force
is estimated based on the difference between the initial angle (calculated) and the
final angle (measured) using the catheter PRB 3R model. The estimated force value
is then compared to the reading of the force sensor.
Figure 3.8 shows the estimation results. It is observed that the model follows
the increasing/decreasing trend of the contact force, but the difference between the
measured and the estimated force values is about 2 gf (RMSE = 1.66 gf). This error
is noticeable, taking into account that the applied force does not exceed 10 gf and that
the contact force between the heart tissue and the catheter tip should be 20 to 30 gf
for an effective ablation [2]. A part of this error is due to inaccuracies in mapping
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Figure 3.8: Estimation of contact force based on the tip angle.
the handle displacement to the tip angle. Work is continuing on investigating other
sources of error in force estimation.
3.6 Conclusions
In this chapter, a 2-dimensional pseudo-rigid-body 3R model is proposed for describ-
ing how the shape of the bending section of a steerable ablation catheter relates to the
applied contact force. The model parameters are optimized for each catheter based on
the path that the catheter tip follows when loads are applied. Extensive experiments
on conventional pull-wire ablation catheters show that the proposed model is capable
of estimating the shape of the catheter’s distal section if force data is available. A
mapping is defined between the proximal handle displacement and the tip angle, and
is used together with the proposed force-deflection model to evaluate the performance
of the inverse model and to show that the contact force can be estimated by observing
the tip angle. This technique might be a reasonable alternative to placing force sen-
sors at the catheter tip to monitor the contact force. Moreover, the simple equations
of the proposed model and its accuracy make it a convenient choice for performing
Chapter 3: Static Pseudo-Rigid-Body 3R Model 74
force-deflection calculations in real-time.
This work is a step towards understanding and modeling the catheter behavior
and designing a model-based force-position control of the catheter tip. Evaluating the
model in more realistic settings and extending the model to include cases where the
catheter tip undergoes out-of-plane bending are parts of our ongoing work towards
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Chapter 4
Force Control in Contact with a Static
Environment
4.1 Introduction
Ablative therapy for cardiac arrhythmias has evolved from invasive open tho-
racotomy surgeries to minimally invasive catheter-based ablation procedures over the
last few decades [2]. Catheters are long flexible tubes that are guided through the
blood vessels to the heart in order to deliver some source of energy to heart tis-
sue [2]. One of the factors that affects the efficacy of an ablation procedure is the
quality of contact between the catheter tip and tissue [2]. Excessive force may result
in perforating the heart wall, while insufficient force results in incomplete ablation
and recurrence of arrhythmia. Recently, several studies have shown that the contact
force has a great impact on the outcome of an ablation procedure. Therefore, devel-
oping catheters with integrated force sensors that are capable of reporting contact
forces has become of interest [3–5]. The TacticathR© force sensing irrigated ablation
catheter (EndosenseTM, Switzerland) [6] uses optical fiber sensors to measure the
slightest deformation of the catheter tip. The magnitude and direction of the ap-
plied force are then calculated based on deformation measurements. However, with
the Endosense catheter, only one-axis axial forces can be sensed. The ThermocoolR©
SMARTTOUCHTM Catheter (Biosense Webster, Diamond Bar, CA) [7] is another
force sensing catheter. In this catheter, magnetic signal emitters and sensors are
.A version of this chapter has been presented in IEEE International Conference on
Robotics and Automation (ICRA), 2013 and has been published in [1]. [ c©2013 IEEE]
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integrated within the tip. The change in the position of these sensors provides a
means of measuring the contact force as well as the catheter angle. This informa-
tion can then be graphically displayed on the CartoR©3 Electroanatomic Mapping
and Navigation System. Both these catheters provide clinicians with a measure of
the tool/tissue contact force and its direction, hence improving the efficacy of the
ablation procedure [4, 5].
Catheter navigation and manipulation can be facilitated with the help of robotic
catheter control systems. The SenseiR© robotic catheter system (Hansen MedicalR©,
Mountain View, CA, USA), the NIOBER© magnetic navigation system (Stereotaxis,
St. Louis, MO, USA) and the AmigoTM Remote Catheter System (Catheter Robotics,
Mount Olive, NJ, USA) are the robotic systems that improve dexterity and reduce
the amount of X-ray exposure by providing remote navigation and control of flex-
ible ablation catheters [4, 8–12]; however, they do not provide haptic feedback or
force/impedance control of the catheter tip.
Equipping a steerable ablation catheter with a force sensor and using it together
with a robotic catheter actuation system are efforts towards developing force-reflecting
robotic catheter systems. The two master-slave robotic systems developed in [13–15]
present a measure of the force at the slave side to the user via a haptic interface.
However, the force reflected to the master side is the force that the slave actuator
applies for inserting and manipulating the catheter and hence it should be studied
how this force relates to the forces at the catheter tip. Kesner and Howe [16, 17]
implemented robot-assisted force and position control of flexible cardiac catheters.
In this system, which can help with the surgeries performed inside the heart, e.g.,
mitral valve annuloplasty, the heart motion is compensated for by position control
at the catheter tip. The force sensor is integrated right at the distal tip and the
force measurements are fed back to a control loop that ensures a constant contact
force. Such a system would be ideal for providing assistance during cardiac ablation
as well. However, in the case of ablation catheters, integrating the force sensors right
at the tip is a challenge because of tip electrodes. Hence, an alternative technique is
required.
Modeling a steerable ablation catheter and similar mechanisms has been stud-
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ied by a number of groups, e.g., [18–21]. Unfortunately, not all these modeling ap-
proaches can be readily applied to model and control a conventional steerable ablation
catheter, since the exact information about the actuation mechanism, pull-wires, is
not available.
With the aim of proposing a model-based control system for steerable catheters,
this chapter first studies how the catheter distal tip responds to proximal handle
actuation. The resulting displacement-tip angle mapping is then combined with a
previously developed model that relates the shape of the catheter tip to contact force
[22]. A custom designed force sensor is proposed for detecting the bending angle at the
catheter tip. This optical strain sensor together with the obtained mappings provide
an overall model that is then used in designing a control system for maintaining a
certain contact force at the catheter tip without directly measuring the applied force.
The models and the control system are developed under the assumption that the
applied forces act in the plane of the bent catheter. It is also assumed that the forces
are static and there is enough time for the catheter to reach its final state before the
applied force changes. The control system performance is evaluated empirically using
the experimental setup presented in Section 4.2. The design of the strain sensor and
the corresponding mappings are explained in Section 4.3. Section 4.4 studies how the
catheter shape changes by actuating the proximal handle and applying forces. The
control system structure and experimental results are presented in Section 4.5 followed
by a discussion in Section 4.6. Section 4.7 concludes the chapter with suggestions for
future directions.
4.2 Experimental Setup
The setup is shown schematically in Figure 4.1. The base of a motorized linear stage
(Zaber Technologies Inc., Vancouver, BC, Canada) is mounted on a table and the
catheter handle is fixed to the sliding stage by an ABS rapid prototyped adaptor
piece. The catheter used for these experiments is a conventional unidirectional 7-
Fr radio frequency ablation catheter. The catheter is passed through a standard
catheter sheath which is fixed in place along its length, so there is no out-of-plane
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Figure 4.1: Schematic of the experimental setup.
bending. The distal 8 cm of the catheter, which is the bending section, is free in
space. A camera (DragonflyR©, Point Grey Research Inc., Richmond, BC, Canada) is
positioned to show a planar view of the catheter during the catheter tip bending, and
captures 640× 480 resolution images. The optical force sensor plates are mounted on
the catheter tube at distances of 8 cm and 7.4 cm from the catheter tip. The first
sensor plate is located at the distance where the catheter slope is zero in order to
correspond to the catheter’s flexible body model. The second plate is placed at the
distance where the range of analog voltage output is high between catheter tip angles
of 0 to 120 degrees (Design details are given in Section 4.3). Another force sensor
(Nano17, ATI Industrial Automation, Apex, NC, USA) is used to measure the force
applied on the catheter tip. The readings of this force sensor provide a measure of
the actual forces acting on the catheter tip.
4.3 Optical Strain Sensor
The optical strain sensor is comprised of five components, a transmitter/receiver
plate, a reflector plate, transmitting/receiving fibers, red LED’s and photodiodes.
The transmitter/receiver plate is a 6 mm diameter, 2 mm thickness elastomeric plate
with eight outer holes for mounting the fiber optic. The jacket of fiber optic cable used
has been removed and the cable consists only of the core and cladding, with a diameter
of 1 mm. The eight holes are in pairs, one hole for the light transmitting fiber and one
hole for the receiving fiber. One central hole is included for the catheter tube to pass
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Figure 4.2: A view of the catheter tip, camera and strain sensor in the experimental
setup.
through. The reflector plate, of the same material, diameter and thickness, is coated
with a layer of 3M engineering grade reflective tape. One central hole is made for
the catheter. The red LED light passes through the light-transmitting fiber; the light
reflects off the reflector plate and some of it is sent back through the light-receiving
fiber. The light-receiving fiber leads back to the photodiode, which detects the change
in light intensity captured by the light-receiving fiber and relays a corresponding
analog voltage to the data acquisition card. As the catheter bends the plates become
off plane with respect to each other, changing the angle of reflection and the amount of
light received by the light-receiving fiber. This change in the plane principal, coupled
with the distance changes between the fibers and the reflecting plate during bending,
creates large (0-5 Volt) changes in the analog voltage with negligible noise and drift.
The sensors used show a linear correlation between the analog voltage and the tip
angle, and approximately 5 mV changes in signal per degree of tip angle change. The
data acquisition card easily detects these voltage changes without any signal filtering,
or amplification on the controls or electrical side. The benefit of this optical sensor
is that the final model slides over the sheath of the unaltered conventional steerable
ablation catheter. The design and construction of a commercially produced catheter
will not need to be altered and the final product will not be much larger in diameter,
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Tip Angle vs. Voltage from Top Fiber
Tip Angle vs. Voltage from Bottom Fiber
Figure 4.3: Relation between analog voltage and tip angle (solid lines are fitted
curves)
therefore should not restrict blood flow during catheter insertion. This allows for easy
installation and a cost effective and efficient solution for position feedback and force
feedback. The use of four light-receiving fibers allows the sensor to provide 3-axis
force and 3-axis torque measurements through relative light intensity values between
the fibers. The final model of the sensor will be approximately 2.8 mm in diameter
for a 7-Fr catheter. Since the diameter of the fibers used are smaller (250 µm), signal
amplification and filtering may be necessary to improve the accuracy of the sensor. It
is worth noting that although the fiber bragg grating (FBG) technology is a means to
monitor and track the shape of a flexible tool, e.g. a catheter, along its length [23,24],
the noticeable costs currently associated with this technology hinders its extensive use
in experimental setups/clinical applications.
4.3.1 Mapping Analog Voltage to Tip Angle
The purpose of our first experiment with the optical strain sensor was to find an ex-
perimental correlation between the analog voltage input and the catheter tip angle in
single plane bending. For this experiment, a light transmitting fiber and light receiv-
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Handle displacement vs. Voltage from Top Fiber
Handle displacement vs. Voltage from Bottom Fiber
Figure 4.4: Relation between handle displacement and analog voltage (solid lines
are fitted curves)
ing fiber were fixed in both the top and bottom portions of the fiber mounting plate.
In Figure 4.3, the catheter tip angle is shown versus values taken from the receiving
fibers mounted on the top and bottom portions of the plate. The experimental results
show that the unloaded catheter tip angle varies linearly with analog input voltage
using the criterion of R-squared value above 0.98:
φ(vt) = −36.12vt + 136.7
φ(vb) = −77.61vb + 275.5
(4.1)
where Φ is the catheter tip angle, and vt and vb represent the voltage values read
from the top and bottom fibers respectively.
Moreover, it is shown that the angle information provided by the top receiving
fiber of the strain sensor is accurate to 0.36 degrees using an acquisition system, such
as PCI 6224 with millivolt accuracy. Lastly, it is shown that the sensitivity of the
upper portion of the system is higher, which is because as the tip bends the angle
of reflection increases and the distance between the top portion of the mounting and
reflection plates increases. Both of these factors diminish the analog voltage values.
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4.3.2 Mapping Handle Displacement to Analog Voltage
The optical sensor output voltages were also mapped against the catheter handle
displacement in order to create a usable correlation for feedback position control
during tele-robotic surgery:
vt(d) = −0.002618d3 + 0.006711d2 + 0.007023d+ 3.685
vb(d) = −0.001666d3 + 0.009509d2 − 0.01346d+ 3.481
(4.2)
where d is the handle displacement, and vt and vb represent the voltage values read
from the top and bottom fibers respectively. Figure 4.4 shows that once the handle
reaches 4 mm the optical sensor is able to track the handle displacement to within
0.01 mm with a data acquisition system having an accuracy of 1 mV.
4.4 Modeling Catheter Behavior
A model that describes different features of the catheter has been developed for
designing a model-based control system. In this section, we investigate how actuating
the proximal handle changes the catheter angle and how this angle responds to applied
loads.
4.4.1 Mapping Handle Displacement to Tip Angle
Using the motorized linear stage, the catheter proximal handle is moved by 1 mm in
each step and the catheter tip shape is recorded. This procedure was done 8 times
forth and back. Figure 4.5 shows the results. Since the catheter does not go back to
a completely straight shape after each run, there is an angle offset at the beginning.
Removing this offset shows that the trend is very similar for all runs (Figure 4.5-a).
A mapping between the handle displacement and the catheter shape is achieved by
fitting a curve to the data from all runs (Figure 4.5-b):
Φ(d) = 0.0144(d+ 1)3.535 + 1.256 (4.3)
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(a) Catheter tip angle vs. handle
displacement in different runs (forward:
solid, backward: dashed)



















Tip Angle vs. Handle displacement
Fitted curve
(b) Curve fitted to catheter tip angle vs.
handle displacement data
Figure 4.5: Relation between the catheter tip angle and the handle displacement.
where Φ and d represent the tip angle and handle displacement respectively.
4.4.2 Mapping Tip Angle to Applied Loads
It was previously shown [22] that a large deflection beam model based on Euler-
Bernoulli beam theory can describe the shape of the bending section of a steerable
catheter, if the applied loads are known . In this method, a catheter tip is modeled
as a cantilever beam that undergoes large deflections when the loads are applied.
Figure 4.6 shows an initially curved cantilever beam with length L. In this figure,
Ri denotes the initial curvature of the beam. Fx, Fy and Mz are the loads applied
at the free end, and δx and δy represent the horizontal and vertical displacements at
the tip respectively. Φ is the maximum deflection angle of the beam that occurs at
the loaded tip. The origin of the Cartesian coordinate system is assumed to be at the
fixed end of the beam. The deflection of the beam and the applied loads are related
through the following equation [25]:
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To evaluate the performance of such a model for describing the catheter behavior
in current experiments, the catheter is first bent to different angles and then forces
with arbitrary in-plane directions are applied at the tip of the catheter. The catheter
tip shape as well as force magnitude and direction are recorded at each step. Figure 4.7
shows the collected shape and force data together with the values estimated by the
model. Using force measurements, we can use the model to accurately estimate the
final shape of the catheter with an error less than 1.5 degrees. It is worthwhile noting
that the catheter tip rigidity and the initial bending of the catheter are estimated
using the method in [22].
4.5 Experimental Results
Sections 4.3 and 4.4 provide a knowledge of how the catheter tip responds to the
handle actuation and how the data from the strain sensor relates to the tip angle. In
this section, this information is used to develop and evaluate a model-based control
system to achieve a desired contact force at the catheter tip.
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Figure 4.7: Estimating catheter tip angle from applied loads.
Figure 4.8: A schematic of the control system.
A schematic of the control system structure is shown in Figure 4.8. Receiving
the control commands from the controller, the actuator (motorized linear stage) moves
the catheter handle and bends the catheter tip, changing the readings of the optical
strain sensor accordingly. The initial bending of the catheter is modeled as a moment
load which is linearly related to the catheter tip angle. This angle is the one that
Chapter 4: Force Control in Contact with a Static Environment 90





















dist = 32.5 mm
dist = 35 mm
dist = 37.5 mm





(a) Analog voltage values from the strain
sensor (dist: distance between the Nano17






30 32.5 35 37.5 40














(b) Applied force at the contact point
Figure 4.9: Performance of the system in detecting catheter tip/environment contact
the catheter tip would have in free space, if it did not come into contact with the
environment and is calculated based on the handle displacement (Equation (4.3)).
Using the force-deflection model for the catheter tip (Equation (4.4)), the contact
force at the catheter tip is determined from the moment load and the tip angle
estimated from the strain sensor data (Equation (4.1)). By adjusting the position of
the catheter proximal handle, the PID controller maintains a desired contact force.
Several sets of experiments are performed to evaluate the performance of different
parts in this structure. The Nano17 force sensor is placed under the catheter tip and
is used to provide a measure of the actual value of loads applied on the catheter tip.
In a number of experiments, the force feedback is also closed using the data from this
force sensor and the results are compared to those obtained by an estimation of the
contact force. The parameters of the controller are tuned experimentally and remain
the same through all the experiments.
4.5.1 Detecting Tip/Environment Contact
The purpose of our first experiment was to find if by monitoring the analog voltage
from the top fiber of the strain sensor, we can detect that the catheter tip has come
into contact with its environment. By actuating the proximal handle, the catheter
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tip is bent until it touches the Nano17 force sensor. This point is marked by a change
in the tip angle and thus by a sudden change in the trend of voltages read from the
strain sensor. This deviation is observable in the voltage trend shown in Figure 4.9-a.
The controller stops the handle actuation at this point. Placing the force sensor at
different distances from the catheter axis, this procedure was repeated 5 times in each
case and the contact force was recorded. The results are summarized in Figure 4.9-
b. It can be seen that at the contact point, the force at the tip is less than 1 gf
which verifies that observing the changes in the catheter tip angle can be an accurate
measure to detect tip/environment contact.
4.5.2 Regulation Performance
In this set of experiments, the objective was to maintain a desired contact force at
the tip. Following the control signal commands, the position of the proximal handle
was finely adjusted such that a desired contact force was achieved at the catheter
tip. This procedure was repeated for different values of the desired contact force
and with placing the force sensor at different distances from the catheter axis. The
contact force values and the control signals are shown in Figures 4.10 and 4.11. It
was also tested if the desired contact force can be maintained when load disturbances
are present (Figures 4.12 and 4.13) and when it is required to apply a varying force
on the environment (Figures 4.14 and 4.15).
4.5.3 Estimating Contact Force from the Tip Shape
Visual feedback was used as an alternative to force feedback. Images from the catheter
tip were captured consecutively; the tip angle was extracted from the images and
the contact force was estimated from the tip angle. Figure 4.16 shows the results.
This experiment was done to evaluate the accuracy of performing force-deflection
calculations in real-time. The steady-state error in this case was 0.7 gf.
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(a) Contact force

















Fd = 5 gf
Fd = 10 gf
Fd = 15 gf
dist = 30 mm
dist = 25 mm
(b) Applied control signal
Figure 4.10: Regulation performance of the system with measured force feedback for
different distances and desired contact force values (Fd = 5, 10, 15 gf; dist: distance
between the Nano17 force sensor and the catheter axis)





















Fd = 5 gf
Fd = 7.5 gf
Fd = 10 gf
dist = 30 mm
dist = 25 mm
(a) Contact force
















Fd = 5 gf
Fd = 7.5 gf
Fd = 10 gf
dist = 30 mm
dist = 25 mm
(b) Applied control signal
Figure 4.11: Regulation performance of the system with estimated force feedback
(using strain sensor data) for different distances and desired contact force values (Fd
= 5, 10, 15 gf; dist: distance between the Nano17 force sensor and the catheter axis).
4.6 Discussion
Section 4.5 presented the experimental results evaluating the performance of the
proposed model-based control system for maintaining a desired force at the catheter
tip in different scenarios. The control is implemented by precise manipulation of the
catheter proximal handle, without involving inserting/retracting motions. Moreover,
Chapter 4: Force Control in Contact with a Static Environment 93





























(b) Applied control signal
Figure 4.12: Performance of the system with measured force feedback in
maintaining the desired contact force value.































(b) Applied control signal
Figure 4.13: Performance of the system with estimated force feedback (using strain
sensor data) in maintaining the desired contact force value.
since there are no out-of-plane deflections/loads, twisting the catheter handle is not
required. To better analyze the system performance and the sources of errors, the
designed experiments were in three different categories: with measured force feedback,
with estimated force feedback and with visual feedback. The system shows good
performance with the measured force feedback in all cases and the steady-state error
is less than 1 gf. The strain sensor provides an accurate estimate of the tip angle
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(b) Applied control signal
Figure 4.14: Performance of the system with measured force feedback in tracking
the desired contact force values.
































(b) Applied control signal
Figure 4.15: Performance of the system with estimated force feedback (using strain
sensor data) in tracking the desired contact force values.
when the catheter tip is bending in free space. However, it is observed that its
readings become much less accurate when the catheter tip is applying forces on the
environment. Figure 4.17 shows the performance of the sensor in contact with the
environment. In this figure, the measured tip angle and the measured contact force are
shown with marker symbols. The handle displacement is the same for marker symbols
with the same color and shape. Figure 4.17a shows the tip angle estimated from the
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(b) Applied control signal
Figure 4.16: Performance of the system with estimated force feedback (using image
data) in tracking the desired contact force values.








































Figure 4.17: Catheter tip angle estimated from sensor output for different contact
forces. The handle displacement for a similar marker symbol is the same. Marker
symbols represent actual measured values.
sensor output as well as the actual tip angle for each output voltage measured from the
captured images. Figure 4.17b shows the corresponding contact force for each voltage
value. It is observed that for each handle displacement, different contact forces result
in different tip angles, but this change in the tip angle remains hidden from the sensor.
This is explained by observing that the shape of the flexed tip depends greatly on the
magnitude and direction of the force that it is applying: although the angle at the
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ablation tip increases to apply greater force, the base of the bending section where
the optical strain sensor is mounted, becomes more straight. This results in an error
in estimating the tip angle and hence deteriorating the control system performance.
This problem will be addressed in future designs of the strain sensor. The results
with the visual feedback suggest that the tip angle can be a good indicator of the
applied forces and that observing the catheter shape may suggest an alternative for
placing force sensors at the tip of ablation catheters. The system proposed here is
presented as a proof of concept that designing a model-based force controller for the
conventional steerable catheters is feasible.
4.7 Conclusions
In this chapter, different features of a steerable ablation catheter were studied with
the purpose of developing a model-based force control system. To the best of our
knowledge, this is the first attempt to perform model-based force control of the tip of
a conventional steerable ablation catheter without directly measuring the force applied
at the catheter tip. The custom designed strain sensor is a prototype that can be used
with conventional steerable catheters and is capable of detecting the changes in the
catheter tip angle to some extent. The proposed mappings together with the data
from the strain sensor provide the information required for a control system which
yields a desired contact force at the catheter tip. The performance of the proposed
system was evaluated empirically and the results suggest that model-based force con-
trol of the catheter tip is feasible. Moreover, this approach allows for estimating the
applied force from the catheter tip angle, without using a force sensor. This is a great
advantage, since placing a force sensor at the tip of an ablation catheter is a challenge
because of tip electrodes.
This work studied the problem of modeling and controlling a steerable ablation
catheter under the assumption that the force applied on the catheter tip does not
change very rapidly and that the force acts in the plane of the bent catheter. Devel-
oping a general model that is also capable of estimating the out-of-plane deflections of
the catheter tip and evaluating the model and the control system in an experimental
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environment with mimicking heart motion will lead to designing a control system
that can potentially be used in robot-assisted catheter control.
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Analysis of the Tip Shape in Free Space
and in Contact with the Environment
5.1 Introduction
Arrhythmia or the abnormal heart rhythm is the result of a problem within the heart’s
electrical system. When medications prove insufficient in restoring the normal heart
rhythm, the next widely accepted remedy is a minimally invasive procedure, namely
cardiac ablation, which is realized using long flexible catheters. During the ablation
procedure, a steerable ablation catheter is steered though blood vessels into the heart
chambers and then the catheter tip is used to deliver some type of energy (most
commonly radio-frequency (RF)) to the heart tissue and ablate those parts that are
considered to be the source of arrhythmia. During this procedure, the vasculature
and the catheter are usually visualized via X-ray fluoroscopy, but a good visualization
of the heart is not available due to low visibility of soft tissue in X-ray images. The
efficacy of ablation treatment clearly depends on successfully detecting and ablating
the parts of cardiac tissue that interfere with normal heart electrical signal activity.
The other important factor is the quality of contact between the catheter tip and
tissue, i.e., the force that the catheter tip applies on the tissue [1–3]. Recently, RF
ablation catheters with force sensors integrated within their tip have been introduced.
The THERMOCOOLR© SMARTTOUCHTM Catheter (Biosense Webster, Diamond
Bar, CA) [4] and the TacticathR© irrigated ablation catheter (EndosenseTM, Switzer-
land) [5] report and visualize the magnitude and direction of the tip/tissue contact
force [1,3]. The axial force at the tip of ArtisanR© Extend Control Catheter (Hansen
Medical, Mountain View, CA) [6] is measured by a sensor placed in its steerable
sheath and is reported to the surgeon by visual as well as haptic feedback. Although,
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these catheters use different methods to measure and report the contact force, they
have one common feature: In order to operate, these catheters must be integrated
with their custom navigation systems and interfaces, which are not widely available.
In order to propose an implementable technique for estimating the contact force
at the tip of conventional steerable catheters, in this chapter, we investigate how the
shape of the deflectable tip changes as the tip exerts a force on the environment and
we show that the flexibility of the tip provides a means to estimating the contact
force. The basic idea is close to the idea of “intrinsic force sensing” in the context
of continuum robots [7–9], where a measure of contact force is provided using a
kinematic model of the robot and information on actuation force at its joint. Rucker
and Webster [10] used uncertain pose measurements in a probabilistic approach based
on the Extended Kalman Filter to estimate the external loads applied on a tendon-
driven continuum robot.
Several research groups have studied the kinematic modeling of steerable ab-
lation catheters. A kinematic model was proposed for a tendon-driven catheter by
Camarillo et al. [11]. The parameters of this model were determined using either the
information from the actuation system or a vision-based shape sensing technique and
the model predicted how tendon actuation would affect the catheter shape [11,12]. In
another approach, the kinematic model developed primarily for continuum robots [13]
was applied to model a commercially available pull-wire ablation catheter [14]. How-
ever, the basic assumption in developing these models is that the catheter bends with
constant curvature along its length when the driving tendons/pull wires are actuated.
This assumption was shown to be invalid when the effect of nonlinear internal fric-
tion is considered [15]. Moreover, these models deal with the problem of modeling the
catheter tip in free space, i.e., how the catheter tip deflects in response to actuating
the driving tendons/pull-wires when the tip is not in contact with the environment.
Thus, the effect of contact force on the tip shape has not been addressed.
Kesner and Howe [16–18] presented a robotic catheter system that can com-
pensate for heart motion and provide force control at the catheter tip during mitral
valve annuloplasty. In order to measure the contact force, they designed and placed
a 3D force sensor [19] at the tip of the catheter. However, their method is not well
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suited for the case of ablation catheters, where the catheter tip is reserved for ablation
electrodes.
Steerable catheters have been considered as continuum manipulators due to the
fact that they do not have distinct rigid joints and links and that they bend contin-
uously along their length [20]. However, most of the methods proposed for “intrinsic
force sensing” in the context of continuum robots (e.g., [7–10]) are built on infor-
mation about the manipulator actuation mechanism and/or the kinematic model of
the robot. This information is not available for conventional steerable catheters and
thus many of the existing methods cannot be readily applied to the case of conven-
tional steerable ablation catheters. Moreover, mounting sensors on the flexing tip
changes the bending characteristics of the tip and introduces new difficulties with
placing the corresponding wires inside the catheter body. It is expected that a thor-
ough understanding of the behavior of conventional catheters would be very helpful
in designing strategies to manipulate the catheter inside the complex anatomy, while
guaranteeing a safe contact force at the catheter tip. During the ablation procedure,
a medical imaging modality provides visual feedback from the surgical site. It would
be very desirable if the data from this imaging modality can be used in determining
the contact force as well. The work presented in this chapter provides the basis for
two potential applications: (1) It shows that estimating contact forces from imaging
data is feasible. The shape of the catheter can be analyzed to provide an estimate
of the range of contact forces; and (2) this work determines what sections of the
catheter tip should be monitored for determining changes in the contact force, and if
an application requires mounting sensors on the catheter tip, what would be the best
location for mounting such sensors.
In our previous work, we showed that it is possible to control the contact force
at the catheter tip without mounting force sensors on the catheter [21]. This result
was achieved through using the tip shape data from a custom-designed optical strain
sensor and a previously developed model of the catheter tip that translates the tip
angle into its corresponding contact force value [22, 23]. However, the designed opti-
cal strain sensor worked for a limited range of external loads, suggesting that either
the sensor should be relocated on the tip or multiple sensors should be used. In
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this chapter, understanding the necessity of studying the catheter behavior and esti-
mating the contact force with minimal alterations to the structure of a conventional
catheter, we use imaging data to study the effect of the actuation force as well as
the in-plane external force on the catheter shape. Based on this study, a kinematic
model for catheter deflection in free space is proposed and compared with existing
models in the literature. Analyzing the catheter shape in contact with the environ-
ment, we define a force index to identify the range of forces exerted by the catheter
tip. Studying the force data reported during ablation procedures [3], we determine
the range of tip/tissue contact forces that are required for an effective ablation treat-
ment. Experimental results on two different catheters prove that the defined force
index can correctly detect the range of applied external forces in a majority of cases.
Moreover, this study suggests a framework for evaluating the performance of sensors
mounted on the tip, which can be used to determine the optimal number of sensors
and their locations for different applications. This study is performed under the as-
sumption that the applied forces act in the plane of the bent catheter. This is a valid
assumption considering how the catheter tip is positioned with respect to the heart
tissue for ablating a target point. To the best of our knowledge, the results presented
in this chapter are the first to demonstrate the feasibility of determining catheter
tip/environment contact force by analyzing the changes in the shape of the catheter
tip.
The organization of the rest of this chapter is as follows: The experimental
setup used for data collection and evaluation is described in Section 5.2. In Sec-
tion 5.3, the catheter behavior in free space is analyzed and a kinematic model is
proposed and evaluated. The effect of contact force on the catheter shape is analyzed
and a force index is defined in Section 5.4. Experimental results for evaluating the
proposed technique are presented in Section 5.5. Section 5.6 concludes the chapter
with suggestions for future work.
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Figure 5.1: Schematic of the experimental setup.
5.2 Methodology
In this chapter, rather than making assumptions on the behavior of the catheter
under applied loads (e.g., bending with constant curvature in free space), we start
with a careful observation and analysis of the changes in the catheter shape under
different loading scenarios. In this section, the experimental setup used for collecting
shape and force information and our method for extracting the catheter shape from
the acquired images are explained.
5.2.1 Experimental Setup
The experimental setup used for data collection is shown schematically in Figure 5.1.
The catheter is a 7-Fr unidirectional steerable ablation catheter (Biosense Webster,
Diamond Bar, CA) that is actuated manually using the prismatic knob on its proximal
handle (Figure 5.3). The prismatic knob can move from 0 mm to 15 mm: for a
displacement of 0 mm, the catheter tip is completely straight and for a displacement
of 15 mm, the catheter tip reaches its ultimate bent configuration.
To manipulate this catheter without any modifications to its structure, a 1-
DOF actuation mechanism is designed which holds the catheter handle and actuates
the manual knob using a DC servo motor (Maxon Precision Motors, Inc., Fall River,
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Figure 5.2: A view of the catheter tip, camera and force sensor in the experimental
setup.
MA, US) and a small adapter. The catheter is passed through a standard sheath and
is free to slide back and forth in it, but the sheath is fixed in two places along its
length. The distal 8 cm of the catheter is the bending section, from which 1.5 cm
is reserved for the ablation tip and electrodes, leaving 6.5 cm that flexes when the
proximal handle is actuated (Figure 5.3). In this chapter, catheter tip refers to this
bending section unless otherwise stated and “base point” refers to the starting point
of the bending section (Figure 5.3). To ensure that the results are not affected by the
non-flexible ablation tip, we focus on 5.5 cm of the bending section measured from
the base point.
It should be noted that this study is aimed at understanding how the shape of
the catheter tip changes if the proximal handle is actuated or if the catheter comes
in contact with the environment. To ensure that the configuration of the catheter
sheath does not affect the result of this study, the sheath was arranged in different
configurations: completely straight, twisted midway first in the form of a half circular
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(a) Proximal handle (b) Deflectable tip
Figure 5.3: A close view of the proximal handle and the bending tip of a steerable
ablation catheter
(a) Half circular arc (b) Full circular arc
Figure 5.4: Different configurations of the catheter sheath to determine its effect on
the results of the study.
arc and then in the shape of a full circular arc (Figure 5.4). A quick study reveals
that different configurations of the sheath affect the dynamic relationship between
the handle actuation and the tip shape, e.g., actuation delay and backlash, as Kesner
and Howe have indicated previously [17]; but have no effect on the static shape of the
tip, which is the focus of this study.
A force sensor (Nano17, ATI Industrial Automation, Apex, NC, USA) is used
as the environment with which the catheter interacts and thus a measure of contact
forces acting on the ablation tip is provided. To apply forces with different magni-
tudes and directions, the force sensor is attached to a small adapter mounted on a
motorized linear stage (Zaber Technologies Inc., Vancouver, BC, Canada). A cam-
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era (DragonflyR©, Point Grey Research Inc., Richmond, BC, Canada) is positioned
to show a planar view of the catheter tip and provides images with a resolution of
640× 480 pixels.
To investigate the catheter behavior with minimal modifications to the con-
ventional practical method of performing the ablation procedures, this study starts
with an observation on how the catheter tip shape changes when forces are applied
to it. Using the force sensor as the environment, the contact forces are measured
and recorded without mounting additional sensors on the catheter tip. The camera
provides a means to monitor the catheter shape without affecting its bending char-
acteristics. For each data sample, the shape and force values are recorded before
proceeding to the next sample, so the time interval between each two consecutive
data samples is about 1-2 seconds. All data points are saved to be processed later.
5.2.2 Extracting the Tip Shape from Images
In this section, the algorithm for extracting the shape of the tip from captured images
and obtaining the curvature is explained.
An image captured by the camera is shown in Figure 5.5a. Hannan and Walker
proposed a method for estimating the shape of continuum robots using images [24].
Since they had assumed constant curvature for each section of the manipulator, iden-
tifying three points of each section was sufficient to determine the curvature. Herein,
in order to analyze the actual behavior of the catheter, we do not make any pre-
assumptions on the catheter characteristics, including its bending curvature and we
use a custom algorithm to find the curve representing the catheter shape. In this re-
gard, masking the unwanted objects and thresholding the image to obtain the catheter
pixels are the first steps in the image processing. The result is the black and white
image shown in Figure 5.5b. In the next step, a vertical mask of 5-pixel width is
defined. This mask is moved along the catheter and the centroid point of the masked
image is determined (Figure 5.5c). If the catheter tip is flexed to reach a tip angle
of about 90◦ or more, the vertical mask fails to find the centroid points accurately.
Hence, it is replaced by a horizontal mask and the process of finding the centroid
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(a) (b)
(c) (d)
Figure 5.5: Catheter shape estimation. Step-by-step.
Catheter shape estimation. Step-by-step - (a) Sample original image. (b) Masked
black and white image. (c) Centroid points. (d) Comparing the calculated curve to
the catheter shape.
points is continued until the tip end is reached. The centroid data points are then
smoothed using a moving average, and a spline curve, fcurve, is fitted on data points
to give the final line representing the shape. More details on this algorithm are given
in Algorithm 1.
To ensure that the developed algorithm faithfully preserves the changes in the
tip shape, the extracted line is overlaid with each captured image (Figure 5.5d). This
final manual check demonstrates the performance of the implemented algorithm.
Using the information of the pixel size in the captured images, the calculated
curve (fcurve) can be expressed in millimeters. Choosing a point P on the tip that
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where BP is the base point, P is the desired point, fcurvemm is the calculated curve
expressed in millimeters, and L is the distance of P from BP in centimeters. As an
example, the points that are located between 3.5 cm and 5 cm from the base point
are marked in red in Figure 5.14.
This technique was tested by marking several points along the catheter tip. The
error in finding the distance between the marked points and the defined base point
never exceeded 2%, which provides an acceptable accuracy for the aim of this study.
5.3 Analysis of the Tip Curvature in Free Space
Observing the image data acquired with the technique explained in Section 5.2 sug-
gests that the loads applied at the tip cause a change in its curvature. In this section,
the effect of actuating the proximal handle on the tip curvature is studied, a kine-
matic model for the flexing tip is proposed and the reachable workspace and singular
configurations are briefly discussed.





where φ is the tangential angle and s is the arc length. To obtain the curvature value
along the catheter tip, the tangential angle is calculated at equispaced points located
at 0.5 mm from one another and then Equation (5.2) is applied. Possible inflection
points are those at which the obtained curvature changes sign.
The catheter’s distal shaft bends in response to the proximal handle actuation.
Although the prismatic knob on this handle has a range between 0 and 15 mm,
noticeable changes in the tip angle occur for displacements of more than 7 mm [21].
Steering the knob from 7 mm to 15 mm, the resulting curvature is demonstrated in
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Algorithm 1 Extract the curve representing the shape of the catheter tip in the
image.
Require: Images of the catheter tip captured by the camera
1: for i=1:number of images do
2: I ← image(i)
3: if base point is marked with color then
4: filteredI ← colorfilter(I)
5: BP ← centroid(filteredI)
6: else
7: Prompt user to click on the base point
8: BP ← Point of click
9: end if
10: ROI ← mask(I) // Removing unwanted objects
11: BWROI ← binary(ROI)
12: vMask ← Define a 5-pixel width vertical mask
13: cP ts(1)← BP
14: cntr ← 1
15: Flag ← vertical
16: while cP ts(cntr) exists do
17: if Flag = vertical then
18: MROI ← overlay(BWROI, vMask)
19: cP ts(cntr + 1)← centroid(MROI)
20: vMask ← Shift vMask horizontally by 5-pixels
21: end if
22: if distance(cP ts(cntr+1),cP ts(cntr))>10 pixels || Flag = horizontal then
23: hMask ← Replace the vertical mask with a 5-pixel width horizontal mask
24: MROI ← overlay(BWROI, hMask)
25: cP ts(cntr + 1)← centroid(MROI)
26: hMask ← Shift hMask vertically by 5-pixels
27: Flag ← horizontal
28: end if
29: cntr + +
30: end while
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Figure 5.6: Tip curvature when the proximal handle is actuated (d= handle
displacement).
Figure 5.6 for a number of handle displacements. It is observed that the curvature is
almost zero before the base point, but then increases linearly with the distance from
the base point, until it becomes almost constant in the section located between 2 cm
from the base point to 6 cm from it. The curvature then decreases linearly and again
becomes almost zero at the section containing the ablation tip and electrodes. The
question then arises is if a certain displacement always results in the same tip profile.
To investigate this, the proximal handle is moved by 10 mm (handle displacement =
10 mm), the tip shape is recorded, the handle is moved back to its initial position
(handle displacement = 0 mm). This process is repeated 5 times, allowing the tip to
completely restore its straight shape between two consecutive repetitions. The result
is shown in Figure 5.7. It is concluded that although there is a small difference in the
values of the obtained curvature for each run, the resulting behavior is the same: the
curvature is almost zero at the base point and the ablation tip and has a constant
value in the mid-section of the tip.
This observation suggests that assuming a constant curvature for the unloaded
catheter tip is not very accurate. A possible justification for this behavior is that
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Figure 5.7: Tip curvature when handle displacement is 10 mm.
the internal structure of the catheter tip is designed such that when the handle is
actuated, the mid-section of the tip is subjected to a series of loads with the resultant
effect that is the same as that of a dominant pure moment load, hence resulting in a
constant curvature for this section. However, from the base point upto this section,
the acting loads have the effect of a dominant shear force. A detailed discussion on
the arrangement of internal forces of the catheter is possible by examining the internal
structure of the tip more closely, but this is beyond the scope of this chapter.
5.3.1 Kinematic Model
Figure 5.6 shows that only the mid-section of the flexing tip bends with constant
curvature. Based on this observation, additional joints and links are added to the
kinematic model for a continuum robot [13] to develop a kinematic model for the
catheter tip. In deriving this model, it is assumed that the catheter bends with zero
torsion. This assumption was validated experimentally: the deflected catheter lies in
a plane.
The proposed kinematic model is demonstrated in Figure 5.8. This model is
characterized by three sections (Pi = (xi, yi), i = 1, ..., 7 is the origin of the coordinate
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Figure 5.8: Kinematic model for the catheter tip and the assigned D-H coordinate
frames.
frames i):
• P0P1P2: the section with the constant curvature does not start immediately
from the base point, P0. Section P0P1P2 represents this variable offset by two
perpendicular prismatic joints d1 and d2. The reason for choosing P0 as the
base point (Figures 5.3b and 5.8) becomes clear: The curvature before this
point is zero and the flexing tip is aligned with the catheter body at the base
point. P0 can act as the virtual basis of the tip in this model.
• P3P4: this section consists of one rotation θ1, one translation d3 and another
rotation θ2 to model the planar constant-curvature arc in accordance with [13].
• P5P6P7: in this section, two perpendicular prismatic joints, d4 and d5 replace
the variable offset between the last point on the constant-curvature arc and
the last point of the flexing tip, i.e. end point (Figure 5.3b). The ablation tip
is then reached by a linear extension from this point and is not shown in the
figure.
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Table 5.1: Link parameters of the proposed kinematic model for the catheter tip.
i αi−1 ai−1 di θi Joint Variable Limits
1 0 0 d1 0 19.3 mm < d1 < 20 mm
2 −pi/2 0 d2 −pi/2 0 mm < d2 < 4 mm
3 pi/2 0 0 −(pi/2− θ1) 0 < θ1 < pi/2.15
4 −pi/2 0 d3 0 33.2 mm < d3 < 40 mm
5 pi/2 0 0 θ2 pi/2 < θ2 < pi/1.03
6 pi/2 0 d4 pi/2 0 mm < d4 < 2.04 mm
7 pi/2 0 d5 0 9.64 mm < d5 < 10 mm
The assigned Denavit-Hartenberg (D-H) frames are also shown in Figure 5.8
and D-H parameters are given in Table 5.1. It should be noted that although the
proposed model is planar, to comply with D-H convention [25], all three axes are
considered. The coordinate frame {0} is the virtual base for the model and a rotation
about Y0 axis relates this frame to the base frame {b}. The limits of joint variables
are obtained experimentally. It should also be noted that the flexing of the tip is
a result of actuating the catheter handle, so the joint variables change according to
the handle displacement and cannot take independent values in their corresponding
range.
The homogeneous transformation matrix that relates frame {7} to frame {0} is




−1 0 0 0
0 −sθ1θ2 −cθ1θ2 d2 + d3sθ1 − d4sθ1θ2 − d5cθ1θ2
0 −cθ1θ2 sθ1θ2 d1 + d3cθ1 − d4cθ1θ2 + d5sθ1θ2
0 0 0 1
 (5.3)
The workspace of the catheter tip is realized by varying joint variables in their
corresponding range. The model is also rotated about axis Y0 by angle θr ∈ [0, 2pi]
to yield the 3D workspace shown in Figure 5.9. For the sake of clarity, the catheter
tip is also shown for a number of cases. The workspace can be translated in space by
inserting/retracting the catheter from the proximal end.
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Figure 5.9: Catheter tip workspace in 3D with respect to frame {b}. The joint
variables are changing in their experimentally obtained range and θr is varied
between 0 and 2pi. The thick gray lines represent the tip shape.




1 0 d5cθ1θ2 + d4sθ1θ2 − d3sθ1 cθ1 d5cθ1θ2 + d4sθ1θ2 −cθ1θ2 sθ1θ2
0 1 d5sθ1θ2 − d4cθ1θ2 + d3cθ1 sθ1 d5sθ1θ2 − d4cθ1θ2 −sθ1θ2 −cθ1θ2
]
(5.4)
The determinant of bJv
bJTv never becomes zero, showing that there are no
singularities in the workspace of the developed model. Considering the structure of a
catheter, the tip is bent when the proximal handle is actuated and in the base frame
{b}, x7, y7 and Φ cannot be defined independently. This means that each point in
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the workspace can be reached only from one orientation and that the catheter tip has
one degree of freedom. This degree of freedom is never lost in the physical workspace,
matching with the result obtained from the model that the determinant of bJv
bJTv
never becomes zero.
Recalling that the section located between 2 cm and 6 cm from the base point
is a circular arc, i.e., its curvature is constant, the relationship between the model
parameters and the tip shape is derived:
• d1 and d2 are the horizontal and vertical distances from the starting point of
the curvature, P2, to the base point, P0, respectively.
• θ1 is the slope of the line connecting P3 to P4.
• θ2, d4 and d5 are obtained taking into account that the position and orientation
of the manipulator end-effector should be the same as those of the catheter tip.
Figure 5.10 shows how the model links are arranged with respect to the catheter




+ Φ− θ1 (5.5)
d4 =
|mx5 − y5 −mx7 + y7|√
1 +m2
,m = tan Φ (5.6)
d5 = ||P6 − P7|| (5.7)
where xi and yi correspond to the coordinates of point Pi, i = 1, ..., 7 (Fig-
ure 5.8).
If the catheter tip shape is completely known, the model variables are known and
the modeling error will be zero as expected. However, in real applications, detailed
information about the tip shape is not available. To propose a practical method for
obtaining the model parameters, for each handle displacement, the model parameters
are derived from experimental data and then for each parameter of the model, a
mapping is found to relate it to the handle displacement. Using these mappings,
the model performance in estimating the tip shape is evaluated. Table 5.2 provides
statistical measures that show the model performance, where MAE and RMSE denote
the mean absolute error and the root mean squared error, respectively. The results
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(a) (b)
Figure 5.10: (a) Model end-effector and the catheter tip. (b) Section of the tip with
constant curvature.
Table 5.2: Statistical measures showing the performance of the proposed kinematic
model, the kinematic model obtained assuming constant curvature for the flexing
tip and the pseudo-rigid-body (PRB) 3R model, when the proximal handle is moved
from 7 mm to 15 mm. xˆ, yˆ, Φˆ are the estimated values for x7, y7,Φ using each model.









0.41 mm 0.45 mm 0.61 mm 0.72 mm 1.91◦ 2.49◦
Constant-curvature
kinematic model
1.68 mm 2.21 mm 2.05 mm 3.35 mm 11◦ 12.67◦
PRB 3R model 0.42 mm 0.59 mm 0.79 mm 1.02 mm 2.21◦ 2.39◦
show an error in estimating the position of the end-effector. A closer look reveals that
the accuracy of the model is highly dependent on the value of θ1 and thus having a
good estimate of θ1 is necessary. There are a few methods to obtain this angle:
1. θ1 is the angle of the line connecting P3 to P4. If the position of these two
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points is known, e.g., by using electromagnetic sensors, obtaining θ1 is straight
forward.






where φ3 and φ4 are tangential angles at P3 and P4, respectively.
3. A mapping can be defined to express θ1 in terms of the curvature values at P3
and P4.
θ1 may be estimated with either of these methods. The results presented in Table 5.2
are obtained using the third method and show a clear improvement over the last case
where θ1 was directly mapped to the handle displacement.
5.3.2 Model Performance
The performance of the proposed kinematic model in estimating the tip shape in free
space is now compared to that of two other models, namely, the kinematic model that
is derived based on the assumption of curvature constancy for the catheter tip [13,14]
and the pseudo-rigid-body (PRB) 3R model proposed in [23].
Assuming a constant curvature for the catheter tip implies modeling the tip
with a circular arc that passes through the base point with a slope equal to zero. A
circular arc which satisfies these rules is fitted to the tip shape and the results are
given in Table 5.2.
The optimal link parameters and spring stiffness values for the PRB 3R model
are obtained by recording the displacements that different values of contact force
impose on the end point and using the same algorithm proposed in [23]:
γ0 = 0.2 , γ1 = 0.4 , γ2 = 0.25 , γ3 = 0.15
kθ1 = 2.8, kθ2 = 5, kθ3 = 2.1
(5.9)
where γi , i = 0, 1, 2, 3 are the normalized link lengths and kθi , i = 1, 2, 3 are the nor-
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Figure 5.11: Configuration of links in the proposed kinematic model, the kinematic
model obtained assuming constant curvature for the flexing tip and the
pseudo-rigid-body PRB 3R model versus the actual tip shape.
malized spring stiffness values. The results of estimating the position and orientation
of the tip point with this model are also given in Table 5.2.
Figure 5.11 shows how the model links are arranged with respect to the actual
catheter shape when the proximal handle is moved by 13 mm. Observing this figure
and the statistical results presented in Table 5.2, the kinematic model presented in
this chapter is more accurate in estimating the position of the end point and the
tip angle. Assuming constant curvature for the tip produces a noticeable estimation
error. When there is a contact force between the tip and the environment, both of
these models become invalid, while the PRB 3R model can still predict the tip angle
under applied loads. If reconstructing the catheter shape in free space is desired, the
proposed kinematic model can achieve this goal when θ1 is known, however, the two
other models do not give a hint about the catheter’s actual shape in free space. It is
possible to use the proposed kinematic model for describing the catheter in free space
and use the PRB 3R model to estimate the tip angle when there is a contact between
the catheter tip and the environment. Experimental results show that when there is
a force at the catheter tip, the error in estimating the position of y4 is greater than
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|F| = 5 gf
|F| = 15 gf
|F| = 20 gf
|F| = 26 gf
|F| = 32 gf
|F| = 35 gf
|F| = 40 gf
|F| = 45 gf
Figure 5.12: Tip curvature when forces are applied at the tip.
3 mm. The force index defined in the next section is another way to decide when to
switch between the two models.
5.4 Effect of Contact Force on the Tip Shape
To study how the tip shape changes when the catheter comes in contact with the
environment, using the experimental setup described in Section 5.2, the catheter
tip is pushed against the force sensor in different in-plane directions. Figure 5.12
shows the tip curvature obtained from the acquired images for a number of force
magnitudes and handle displacements. As expected, there are considerable variations
in the curvature values along the tip length and a section with constant curvature is
not observed anymore. In fact, this figure does not immediately suggest a relationship
between the contact force and the tip shape, and a more in-depth study is required.
In this regard, twelve equispaced points are chosen along the tip, the first of which
is located at the base point. Figure 5.13 shows the extent of curvature variations
caused by the contact force at each selected point for several handle displacements.
The impact of the contact force on the tip curvature is best seen at the points closer
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|F| < 15 gf
15 gf < |F| < 35 gf
|F| > 35 gf
Distance from the Base Point: L (cm)
(a) d = 8 mm






















|F| < 15 gf
15 gf < |F| < 35 gf
|F| > 35 gf
Distance from the Base Point: L (cm)
(b) d = 9 mm






















|F| < 15 gf
15 gf < |F| < 35 gf
|F| > 35 gf
Distance from the Base Point: L (cm)
(c) d = 10 mm





















|F| < 15 gf
15 gf < |F| < 35 gf
|F| > 35 gf
Distance from the Base Point: L (cm)
(d) d = 11 mm
Figure 5.13: Tip curvature versus force magnitude for different handle
displacements at a number of points along the catheter (d: handle displacement).
to the end point. Moreover, at each handle displacement, if the magnitude of the
contact force is in a certain range, the resulting curvature at points between 3.5 cm
and 5 cm will be in a certain range as well. This observation suggests that the effect
of contact forces can be best seen in the section of the tip located between 3.5 cm
and 5 cm measured from the base point. This section is marked in red color on the
catheter shown in Figure 5.14.
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Base Point
L = 3.5 cm
L = 5 cm
Figure 5.14: The effect of contact forces can be best seen by studying the section
marked in red color on the catheter.
5.4.1 Force Index
Di Biase et al. [3] reported that lesion formation inside the heart depends on both
the ablation power and the tip/tissue contact force. We define three ranges for the
contact force based on their findings presented in [3]:
• Safe contact is when the contact force is between 15 gf and 35 gf .
• Excessive force is when contact force has a magnitude greater than 35 gf . Car-
diac perforation is one of the risks of applying excessive force on heart tissue.
• Insufficient force is contact force with a magnitude less than 15 gf . Incomplete
ablation is the result of insufficient contact between the catheter tip and heart
tissue.
These regions are denoted by S, E and I, respectively.
We define the dimensionless force index, λF , by observing the relation between
the contact force and changes in the tip curvature:
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where E{.} represents the averaging operator, κc is the curvature obtained for each
sample, κfs is the curvature in free space, L is the distance from the base point in cm
(Equation (5.1), Figure 5.14) and d is the handle displacement in mm. The defined
load index quantifies the effect of contact force on the curvature, i.e., λF gives a
measure of how the curvature is different when the catheter is in contact with the
environment from when the catheter moves in free space. Figure 5.15 shows that the
proposed load index can detect the range of contact forces, although it cannot give
the precise value of the applied forces.
In the next step, each force range is modeled with Gaussian distribution, and
a Gaussian Mixture Model (GMM) with three components is used to cluster the ob-
tained force index. The cumulative distribution function (CDF) of the fitted distri-
butions is shown in Figure 5.16. Having three different distributions for the collected
data, we employ a three-component Gaussian-Mixture Model (GMM) to cluster the
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Figure 5.16: CDF of fitted Gaussian distribution to the force index corresponding to
each force range.
obtained force index. The probability of associating each sample to any of the three
force regions is estimated using the GMM and the region with the highest probability
is selected as the estimated force region.


















ωk = 1 (5.11)
where µk and σk are the mean and variance of each Gaussian component and ωk
is their weighting factor. Without any prior information about the force range, the
a priori probabilities of being in each force range are equal, i.e., PI = PS = PE .
Therefore, ωk =
1
3 , k = 1, 2, 3. More details on GMM clustering methods can be
found in [26].
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Table 5.3: Conditional probability of estimating force ranges for test data with the
first catheter.
k → I S E
PIˆ|k 0.96 0.04 0
PSˆ|k 0.11 0.89 0
PEˆ |k 0 0.13 0.87
5.5 Experimental Validation
To evaluate the performance of the proposed technique, two series of experiments
were carried out. The first set of data was collected with the same ablation catheter
used for studying and modeling the relation between shape and applied force. The
experiments were then repeated with a different steerable ablation catheter to provide
a basis for comparing the results.
5.5.1 Experiments Using the Same Catheter
A series of force loads with the aforementioned conditions was applied to the catheter
tip and the tip shape was recorded for each load. The applied force region was
estimated using the proposed technique. Table 5.3 lists the probabilities of estimating
each force range given the measured loading state. In this table, P
kˆ|k, k = I, S, E
represents the probability of correctly estimating the insufficient, safe and excessive
force, respectively. Similarly, P
kˆ|l, k 6= l represents erroneous detection. From this
table, the force range is correctly decided in more than 87% of the samples. While
safe contact was detected as insufficient force in 11% and excessive load was declared
safe contact in 13%, there is no incidence of reporting insufficient load as too much
force or vice versa. Moreover, further analysis reveals that in almost all of the latter
cases, the force magnitude is very close to the defined threshold for the excessive
force.
The average curvature versus force magnitude is shown in Figure 5.17 for each
range. It is observed that while E{κc} does not reveal any information about the
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Figure 5.17: Mean curvature vs. force magnitude for different force range
estimations.
contact force, the proposed technique can effectively distinguish between different
force ranges. The misdetected points are recognized when the symbols representing
each force range appear in their non-corresponding regions, e.g., the star symbols
to the left of line |F | = 15 gf are the points classified as safe contact. The color
intensities at each point represent the clustering score.
5.5.2 Experiments Using a Different Catheter
The catheter used for this experiment is a 7-Fr unidirectional steerable ablation
catheter (Biosense Webster, Diamond Bar, CA). This catheter is a non-irrigated
tip catheter, while the catheter used previously was one with an irrigated tip. Both
types are commonly used in cardiac ablation procedures. The experimental results
reported in Table 5.4 demonstrate the same trend as that of the previous test and
highlight the applicability of the proposed technique for different catheters that have
a similar structure.
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Table 5.4: Conditional probability of estimating force ranges for test data with the
second catheter.
k → I S E
PIˆ|k 0.94 0.06 0
PSˆ|k 0.05 0.92 0.03
PEˆ |k 0 0.19 0.81
5.5.3 Obtaining the Force Index from Sensor Outputs
Experimental results prove the usefulness of the defined force index in estimating
the range of contact forces. This force index is defined using the mean curvature
value over a section of the catheter tip (Equation (5.10)). In practical situations,
an image from the catheter tip may not be available, so it would be desirable to
obtain the load index by using one or more shape sensors. Figure 5.13 suggests that
the curvature data of one or more points along the deflecting tip may provide the
necessary information for defining the load index and estimating the range of the
contact force to some extent. In this section, we study if such points in fact exist.
Figure 5.18a shows the probability of correctly estimating the force ranges when
one curvature sampling point moves along the catheter between L = 2.0 cm and
5.5 cm. The probability of correctly detecting the range of the contact force increases
as the sensing point is moved from the base point to the ablation tip. This suggests
that when the tip comes in contact with the environment, the changes in its shape
occur mostly near the ablation tip. Based on this result, if a sensor (e.g., a strain
sensor similar to the one used in [21]) is placed at 4.5 cm from the base point without
altering the flexing characteristics of the deflecting tip, it can determine the range of
contact forces in more that 80% of the cases.
The proposed technique also provides a framework for evaluating the perfor-
mance of using multiple sensors. For instance, consider mounting two shape sensors
on the catheter tip: one at L = 3.5 cm and the other at L = 5 cm. The force index
is obtained for each of these points and the probability of correct estimation is cal-
culated. To determine range of the contact forces, we should decide how to jointly
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Figure 5.18: Probability of correctly estimating the force ranges: (a) with one
sensing point, (b) with two sensing points located at L = 3.5 cm and L = 5 cm.
apply this information. Let’s define:
PIˆ|I = α PIˆ|I
∣∣∣
L=3.5
+ (1− α) PIˆ|I
∣∣∣
L=5
PSˆ|S = α PSˆ|S
∣∣∣
L=3.5
+ (1− α) PSˆ|S
∣∣∣
L=5
PEˆ |E = α PEˆ |E
∣∣∣
L=3.5




where α ∈ [0, 1] is the mixing weight factor. Figure 5.18b shows that when α = 0.57,
the force range is estimated correctly in 92% of the cases. The same analysis can be
repeated for different configurations of sensors to find the optimum number of sensors
and their locations for a desired performance.
Remark 1 : Although this work is focused on unidirectional ablation catheters,
the proposed technique can also be applied to other types of ablation catheters, e.g.,
bidirectional catheters. The curvature of an arbitrary type of ablation catheter can
be analyzed using the proposed approach and the section which is most susceptible to
contact force can be determined. It is expected that the results would then be valid
for catheters with similar design and construction and the same actuation mechanism.
Nevertheless, further study is required to compare the results for different types of
ablation catheters.
Remark 2 : The stiffness of the environment may have an impact on the results.
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During data collection, the catheter tip interacted with the rigid surface of the force
sensor in the experimental setup. A small piece of artificial tissue was then used
to cover the surface of the force sensor and a limited number of data points were
collected. Analyzing this data revealed no noticeable difference from the previous
result. For a complete understanding of the relationship between tissue stiffness,
amount of contact force and the tip shape, a more detailed study is required. Such
study should consider the actual stiffness of cardiac tissue as well as how it changes
during the ablation procedure, i.e., when the tissue is being ablated.
5.6 Conclusions
In this chapter, we studied the behavior of the tip of an ablation catheter in free space
and in contact with the environment. In this regard, instead of making assumptions on
the catheter characteristics, we started with a careful observation of how actuating the
proximal handle affects the tip shape. The tip curvature was analyzed and a kinematic
model was proposed for the catheter tip. The performance of the proposed model was
then evaluated experimentally and the model was shown to be more accurate than
two previously developed models. Bringing the tip in contact with the environment,
the tip curvature was analyzed and a force index was defined. Experiments with
two conventional but different ablation catheters show that the defined force index
can successfully identify the range of the contact force in more than 80% of the
cases. Moreover, it was shown that the proposed technique provides a framework for
evaluating the performance of sensors. This framework provides a way of estimating
the performance of the sensors before they are physically mounted on the catheter
tip.
To the best of our knowledge, this work is the first to investigate the actual
behavior of conventional steerable ablation catheters under contact forces. The study
shows that implementing the “intrinsic force sensing” technique [7–10] is feasible for
conventional ablation catheters. Ongoing work is focusing on extending this work to
include 3D cases where external forces drive the catheter tip out-of-plane; using a
medical imaging modality such as ultrasound (US) to provide shape data; investigat-
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ing the effect of distributed loads on the catheter tip and implementing the proposed
technique in a fast moving environment with a varying stiffness. The study presented
in this chapter is the first step toward these future goals.
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During cardiac arrhythmia, the normal heart rhythm is affected by false electric sig-
nals originating from the myocardium. Minimally invasive treatment of arrhythmia is
realized using steerable ablation catheters. The flexibility, length and small diameter
of the catheter allow it to be steered to the appropriate heart chamber through the
vasculature. The catheter tip is positioned on the cardiac tissue to ablate the source
of false signals by delivering some type of energy (most commonly radiofrequency
(RF)) to the tissue. The ablation procedure is usually performed under X-ray fluo-
roscopy guidance, which does not provide a good visualization of the cardiac tissue,
but displays the position of catheters and guidewires.
The recent development of force sensing catheters has facilitated research on
defining the relationship between the amount of contact force and the outcome of
the ablation procedure [1–5]. Considering that insufficient force results in incomplete
tissue ablation and possible recurrence of arrhythmia and excessive force increases
the risk of perforation, it is important to keep the contact force within a certain
range at all times during the ablation procedure. Moreover, a recent study suggests
that the quality of contact plays an important role in the efficacy of the procedure
[6]. Using a bench model that simulates the beating heart, Shah et al. [6] define
three contact patterns: 1) constant contact, 2) variable contact (Fmin = 10 gf and
Fmax = 20 gf) and 3) intermittent contact (Fmin = 0 gf and Fmax = 20 gf) with
loss of contact [6]. Establishing a constant contact between the catheter tip and
the tissue results in complete ablation and reduces the maximum applied force [7].
However, due to heartbeat and respiration, there is an intermittent contact between
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the catheter tip and cardiac tissue [8]. If the procedure is performed under apnea,
where the respiratory movements are minimal, a variable contact can be achieved
and the contact quality is improved considerably [8]. Providing a constant contact
force further improves the quality of contact. It is expected that a constant force
can be attained if the catheter tip moves synchronously with the cardiac tissue and
compensates for cardiac and respiratory motions.
Motion compensation of beating heart in robotics-assisted minimally invasive
cardiac interventions is usually realized through tracking visual clues on the heart
surface and/or using a motion compensation robotic tool [9–14]. However, these
techniques are mainly developed for surgeries performed on the external surface of
the heart using rigid tools. Yuen et al. designed a rigid motion compensation device
for performing intracardiac procedures under ultrasound guidance [15–17]. Kesner
and Howe [18–21] then adapted a similar approach to design a flexible robotic motion
compensation catheter for intracardiac surgeries, namely the mitral valve annulo-
plasty procedure. The designed catheter is translated in and out of the sheath to
compensate for the beating heart motion. The contact force is measured by a proto-
type force sensor that is integrated within the catheter tip [22].
In our previous work, we studied the static behavior of the catheter tip under
applied forces [23, 24]. We also showed that controlling the contact force at the tip
of an ablation catheter can be achieved through adjusting the position of the pris-
matic knob on the catheter’s proximal handle [25]. In this chapter, we propose a
technique for compensating for heart motion to reduce the variations in the contact
force between the tip of a conventional unidirectional steerable ablation catheter and
the environment (cardiac tissue). A thorough study is carried out to determine the
characteristics of a conventional ablation catheter when the catheter handle is actu-
ated in different frequencies. The results of this study are then used in designing a
control system that estimates the frequency of the environmental motion, calculates
the actuation delay and generates the proper control signal. The experimental results
show that the proposed technique is capable of reducing the variations in the contact
force caused by the moving tissue and noticeably improves the performance of the
uncompensated system.
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Figure 6.1: Different patterns of the contact force between the catheter tip and
cardiac tissue as defined in [6]: (top) constant contact, (middle) variable contact,
(bottom) intermittent contact (Figure obtained from [6]).
The organization of the rest of the chapter is as follows: Section 6.2 describes
the experimental setup. The characteristics of the catheter are studied in Section 6.3.
The proposed scheme for compensating for cardiac motion and reducing variations in
the contact force is discussed and experimental results are presented in Section 6.4.
Section 6.5 discusses the limitations of the system as well as the clinical applicability
of the proposed approach. Section 6.6 concludes the chapter with suggestions for
Chapter 6: Robotics-Assisted Catheter Manipulation 138
Figure 6.2: Schematic of the experimental setup.
future research.
6.2 Experimental Setup
The setup is shown schematically in Figure 6.2. The proximal catheter handle is fixed
to the base of a motorized linear stage (T-LSR300B, Zaber Technologies Inc., Van-
couver, BC, Canada) by an adapter piece. The prismatic knob on the catheter handle
is attached to the sliding platform on the linear stage and the catheter actuation is
realized by moving the sliding platform back and forth. In this setup, the catheter
proximal handle can be actuated with a maximum speed of 20 mm/s. A conventional
unidirectional 7-Fr RF ablation catheter (Biosense Webster, Diamond Bar, CA) is
passed through a standard catheter sheath which is fixed in place along its length.
With this configuration, the catheter can translate in and out of the sheath.
The distal section of the catheter is the deflectable shaft that can be actuated
by moving the proximal prismatic knob. The prismatic knob on the adapted catheter
can move from 0 to about 21 mm (Figure 6.3). When the knob is at its initial position
(handle displacement = 0), the catheter tip is completely straight. For a displacement
of about 21 mm, the catheter tip bends to over 90◦, which is its ultimate bending
configuration (Figure 6.3).
To measure the contact force without altering the structure of the catheter, a
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(a) Handle displacement = 0 (b) Handle displacement ≈ 20 mm
Figure 6.3: A close view of the proximal handle and the bending tip of a steerable
ablation catheter.
Figure 6.4: A view of the catheter tip, camera and force sensor in the experimental
setup.
force sensor (Nano17, ATI Industrial Automation, Apex, NC, USA) is used as the
environment with which the catheter interacts (Figure6.4). A small piece of artificial
tissue is fixed to the top plate of the sensor. The force sensor provides a measure of
the actual contact force between the artificial tissue and the catheter tip. To adjust
the angle between the catheter tip and the force sensor, the sensor is mounted on
a small adapter piece. A motorized linear stage (T-LSM050A, Zaber Technologies
Inc., Vancouver, BC, Canada) follows the commands to move the force sensor up and
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Figure 6.5: A sample frame. The tip angle is calculated using the centroid points of
the red markers.
down and thus provides a moving target for the experiments. This linear stage can
provide a maximum speed of 7 mm/s. A camera (DragonflyR©, Point Grey Research
Inc., Richmond, BC, Canada) is positioned to show a planar view of the catheter
tip and provides images with a resolution of 640 × 480 pixels from the deflectable
tip. The images are streamed at 30 frames per second (fps). A customized library
is designed using the C++ language in the MATLABR© environment to utilize the
setup in real-time.
In order to have real-time feedback from the position and orientation of the
catheter tip, two small red markers are fixed on the tip and are tracked in the streamed
video. The markers are positioned at the end of the deflectable section behind the rigid
part reserved for ablation electrodes. For each captured frame, the red component of
the image is extracted and the resulting grayscale image is converted into a binary
image. The position of the catheter tip is then given by the centroids of the detected
regions. Calculating the tip orientation is then straight forward (Figure 6.5).
In this study, the largest motion frequency in the experiments is lower than
the frequency of cardiac motion (≈ 1 Hz). The reason for this is explained in detail
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in Section 6.5. It is reported in [26] that the motion of the aortic root has a mean
amplitude of 11.6 mm and that of the atrial wall is about 8.5 mm [27].
6.3 System Characteristics
Catheters have applications in a variety of vascular and cardiac interventions, e.g.,
cardiac ablation, coronary angioplasty and mitral valve annuloplasty. These catheters
are designed to satisfy the requirements of their intended application and as a result,
the characteristics of the catheters are very different from one application to another.
Cardiac ablation is usually performed using 5-Fr or 7-Fr catheters and can be
either unidirectional or bidirectional. It is shown that even forces as low as 77 gf (≈
0.75 N) can result in cardiac perforation [28] and force levels for achieving efficient
ablation are generally lower than 35 gf (≈ 0.34 N) [5]. Cardiac ablation catheters are
designed to apply forces in the required range. Howe et al. [15–21] introduced motion
compensation for surgical tools for repairing mitral valves. In such an application,
the force required to manipulate the tissue is at least 1.5 N (≈ 153 gf) [29, 30].
Hence, the catheters used in annuloplasty are usually of larger diameter so to be
able to apply greater forces (for an example of such catheters see [31]). Moreover,
adjusting the catheter orientation is achieved by bending the sheath [18–21], and
is different from the case of ablation catheters, where the catheter tip is flexed by
actuating the proximal handle regardless of the sheath configuration. Kesner and
Howe [18–21] studied the problem of motion compensation and force control in the
mitral annuloplasty procedure. Recognizing the differences between the types of
catheters used in such surgeries and the types of catheters used in cardiac ablation
procedures, we study the problem of improving the quality of catheter/tissue contact
during the ablation procedures performed using conventional unidirectional steerable
catheters.
In this section, we study how the catheter tip responds to actuating the proximal
handle at different frequencies. Hereinafter, the tip position refers to the position of
the red marker closest to the ablation tip (Figure 6.5) and the tip angle is defined as
shown in Figure 6.3b.
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(a) Tip position



































(c) Horizontal position of the tip

















(d) Vertical position of the tip
Figure 6.6: Static relationship between the handle displacement (d) and deflection
of the tip.
6.3.1 Static Response in Free Space
In order to study the static relationship between the displacement of the proximal
handle and the resulting tip deflection, the handle is moved very slowly from 0 to
22 mm, allowing the tip to reach its final configuration in each displacement. The
result is shown in Figure 6.6. It is observed that the catheter tip follows almost the
same path with pushing/pulling the proximal prismatic knob (Figure 6.6a). However,
for the same handle displacement, the position and orientation of the tip depends on
whether the knob is being pushed or pulled (Figure 6.6b-d). This observation suggests
the hysteresis behavior for the catheter. Another point worth mentioning is that the
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Path Traversed in 20 s
Averaged Path
d = 14 mm
d  = 20 mm
Figure 6.7: The path that the tip follows when the proximal handle is actuated at
Fa = 0.27 Hz.
linear displacement of the handle knob results in the planar motion of the tip, i.e., the
knob moves in the X direction, but the position of the tip changes in both the X and
Y directions. This is yet another difference between this study and the case presented
in [18–21] where the linear motion of the catheter base results in linear motion of the
catheter tip in the direction dictated by the configuration of the sheath.
6.3.2 Frequency Response in Free Space
From the results presented in [25], the contact force can be controlled through ad-
justing the position of the handle knob. Since the target environment, i.e., the heart
tissue, is moving very fast, it is expected that for maintaining a constant contact,
the catheter handle should be actuated with a high frequency (≈ 1 Hz) as well. In
this section, we study how the catheter tip responds to actuation at the proximal
knob. The catheter handle is actuated with a 6 mm sinusoidal command centered at
d = 14 mm, taking into account that for d < 9 mm, the deflection of the catheter tip
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Figure 6.8: Variations in the tip angle when the proximal handle is actuated at Fa
= 0.27 Hz: (top) tip angle, (bottom) handle displacement
is insignificant (Figure 6.6). The handle is actuated at 20 different frequencies, rang-
ing from 0.02 Hz to 0.65 Hz for 20 s. At each actuation frequency, Fa, the experiment
is repeated 3 times. The corresponding signals are recorded and for each repetition,
the following features are extracted (Figures 6.7 and 6.8):
• Fa (Hz) is the frequency of actuating the proximal handle.
• Ft (Hz) is the frequency at which the tip moves.
• LW (mm) is the maximum width of the hysteresis loop corresponding to the
tip position.
• PL (mm) is the average length of the path that the catheter tip traverses when
the knob is actuated from d = 0 to d = 22 mm and back to d = 0 .
• Φmin (deg) is the minimum angle that the catheter tip returns to when d = 0.
• Φmax (deg) is the maximum angle that the catheter tip reaches for d = 22 mm.
• τd (s) is the time delay, i.e., the time elapsed between when d = 14 mm and
the time at which the tip angle reaches its mean value.
Chapter 6: Robotics-Assisted Catheter Manipulation 145
Table 6.1: Effect of actuation frequency Fa on different features of the response.
Fa (Hz) Ft (Hz) LW (mm) PL (mm) Φmin (deg) Φmax (deg) τd (s)
0.02 0.02 3.69 119.61 40.37 126.7 3.05
0.05 0.05 4.78 91.1 37.88 115.89 1.42
0.13 0.14 4.14 55.91 39.57 82.55 0.71
0.25 0.25 3.64 48.66 42.86 80.39 0.48
0.36 0.36 3.78 47.12 35.71 70.69 0.39
0.46 0.46 3.93 39.27 35.57 63.15 0.39
0.52 0.52 4.34 37.14 34.76 60.28 0.41
0.63 0.63 3.58 36.2 28.12 49.5 0.45
During the actuation period of 20 s, the handle is displaced between d = 0 and
d = 22 mm repeatedly and each cycle takes 1/Fa seconds. As a result, the catheter
tip traverses the same path recurrently. The defined parameters are derived for each
actuation cycle and the final value for each parameter would then be the average of
the corresponding value in all cycles. The values obtained for different repetitions
of the same actuation frequency are found to be very close. The values presented in
Table 6.1 are the mean values of all three repetitions for the selected Fa. Samples of
the obtained results are shown in Figures 6.7 and 6.8. These figures show how the
tip position and orientation respond to an actuation frequency of Fa = 0.27 Hz.
The experimental results suggest that the frequency of the tip motion is the
same as the actuation frequency as expected, i.e., Ft ≈ Fa, and the maximum width
of the position hysteresis loop, LW , does not depend on Fa. However, increasing the
actuation frequency causes:
• the catheter tip to traverse a shorter path. The catheter tip returns to almost
the same position for d = 0, but as FA is increased, the catheter tip does not
reach its maximum bending configuration and the furthest point that it can
reach gets closer to its starting point.
• the range of Φ decreases, i.e., Φmax-Φmin has a smaller value for higher Fa.
Considering the handle displacement as the system input and the tip angle as
the system output, the frequency response of the system is shown in Figure 6.9. The




























Figure 6.9: Bode diagram for the catheter in free space.
Bode plot clearly shows the existence of a time delay in the system.
6.3.3 Achieving a Desired Tip Angle
Having studied the effect of actuation frequency on the flexing of the tip, we now
investigate the problem of controlling the catheter tip in free space. A basic control
system (Figure 6.10) is used to flex the catheter to reach a desired angle.
Figure 6.11a shows the regulation performance of the control system. The
controller parameters were adjusted experimentally and the best result (Figure 6.11a)
was achieved with P = 0.03, I = D = 0 with a settling time of about 3 s.
The same control system is then commanded to follow a time-varying tip angle
in the shape of a sinusoidal signal centered at 42◦ with an amplitude of 10◦. The
experiments show that the system output is in the shape of a sinusoidal. However,
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Figure 6.10: The control system for achieving a desired angle at the catheter tip.






































Figure 6.11: Performance of the control system in following a desired tip angle.
the observed time delay has an undesirable but noticeable effect on the response
(Figure 6.11b). Using the results presented in the previous section, the commanded



























Figure 6.12: Bode diagram for the system with the desired tip angle as input and
the actual tip angle as output.
trajectory is modified to compensate for the delay:
Φm(t) = Φdes(t+ τd) (6.1)
where Φdes is the desired trajectory. τd is the time delay between actuating the
handle and the change in the tip angle and can be obtained from Figure 6.12. Φm is
the modified trajectory that is fed into the control system. Since the main source of
error in tracking the desired tip angle is the time delay, the modified trajectory is the
desired trajectory with a phase shift. Figure 6.11b shows that reshaping the desired
trajectory and compensating for the time delay improves the tracking performance
noticeably, reducing the root mean square of tracking error from 12.71◦ to 2.83◦.
It should be noted that in this step the goal of the control is to synchronize
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the input and output of the system. The maximum range in which the tip angle
changes at each actuation frequency is a physical property of the system (Table 6.1)
and cannot be extended. The control system ensures that the output follows the
trajectory dictated from the input.
6.4 Tip/Tissue Motion Synchronization
In the previous section, we studied how the catheter tip responds to actuating the
proximal handle in free space and identified the delay inherent in the system. In
this section, we study the catheter behavior in contact with static as well as moving
environments.
6.4.1 Static Environment
During the ablation procedure, the catheter tip is in contact with a relatively fast-
moving environment, i.e., cardiac tissue. It is evident that as the tissue moves further
from the tip, its contact with the catheter tip might be lost. The question that arises
is if it is possible to maintain the contact by controlling the flexing of the tip. To
investigate the answer, we first study if flexing the tip will change the force applied
on a static environment.
In the experimental setup, the force sensor is placed such that when the tip
flexes, it comes in contact with the artificial tissue. The proximal knob is then
commanded with a sinusoidal signal at different frequencies. The results are given
in Figure 6.13 and show how the contact force changes when the handle is actuated:
when the handle is displaced between 5 mm and 20 mm, the variations in the contact
force are about 15 gf.
These results confirm that the catheter tip/tissue contact force changes when
the catheter proximal handle is actuated.
Chapter 6: Robotics-Assisted Catheter Manipulation 150





























 = 0.24 Hz
F
a
 = 0.33 Hz
F
a
 = 0.52 Hz
Figure 6.13: Catheter interacting with a static environment: (top) commanded
handle displacement, (bottom) resulting tip/tissue contact force.
6.4.2 Moving Environment
In this section, we investigate if we can maintain a constant contact force with a
moving environment using the results from the previous sections.
In the experimental setup, the force sensor is commanded to follow a 5 mm
sinusoidal signal as a simplified version of the motion of the atrial wall. The proximal
handle is also commanded to follow a sinusoidal signal to provide the necessary motion
of the catheter tip. It is intuitive that in order to synchronize the motion of the tip
with that of the environment, the frequency of handle actuation and the frequency
of motion should be the same.
Based on the results presented in Section 6.3, the input command to the proxi-
mal knob is reshaped to compensate for the time delay between the handle displace-
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motion = 0.17 Hz
(b) Frequency of
motion = 0.27 Hz
(c) Frequency of
motion = 0.37 Hz
Figure 6.14: Catheter tip/tissue contact force when the tissue has a sinusoidal
motion: (top) motion of the tissue. (middle) different scenarios for actuating the
proximal handle, (bottom) contact force.
ment and the resulting change in the shape of the tip:
dm(t) = dorg(t+ τd) (6.2)
where dorg is the sinusoidal signal with the same phase as that of the motion signal.
In Equation (6.2), τd is the time delay between actuating the handle and the change
in the tip shape, obtained from the Bode plot shown in Figure 6.12; and dm is the
modified command to the proximal handle which compensates for the time delay.
Figure 6.14 shows the tissue motion, the handle displacement and the measured
contact force at three different frequencies. The force sensor is placed such that the
pattern of the contact force matches the intermittent contact as defined in [6]. It
is observed that actuating the catheter handle without compensating for the system
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Figure 6.15: Schematic of the control system with online frequency estimation.
delay causes larger variations in the contact force. However, obtaining the frequency
response of the system allows the time delay to be estimated at each frequency and
to modify the command to the proximal handle accordingly. Figure 6.14 shows that
synchronizing the motion of the catheter tip with that of the tissue results in a
noticeable improvement in the quality of contact.
6.4.3 Online Estimation of Motion Frequency
In the previous section, it was assumed that the frequency of tissue motion is known.
The input signal dm was then designed to compensate for the system delay. Knowing
that in order to have effective tip/tissue motion synchronization, the proximal knob
should move with the same frequency as that of the tissue, it is necessary that the
frequency of tissue motion can be estimated in real-time.
Figure 6.15 shows the scheme used for online estimation of the motion frequency:
The catheter is brought in contact with the tissue and the handle actuation starts
at a pre-defined initial frequency. The position of the tissue is tracked in real-time,
a window of position samples is monitored and the instant when the direction of
motion changes is detected and recorded. The frequency of motion is calculated
for each motion cycle and the actuation frequency is regulated accordingly. Since
the frequency of the control loop is much higher that the frequency of motion, the
actuation frequency adjusts to the calculated motion frequency quite rapidly. With
this scheme, the changes in the frequency of motion are detected and compensated
for in one or two cycles.
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Figure 6.16: Catheter tip/tissue contact force when the frequency of the tissue
motion changes: (top) motion of the tissue. (middle) different scenarios for
actuating the proximal handle, (bottom) contact force.
Figure 6.16 shows the performance of the system with online estimation of the
motion frequency. It is observed that the synchronization between actuation and
motion is lost for the first cycles after the change in the frequency occurs, but after
that the frequency change is detected, the corresponding time delay is calculated and
the tip/tissue motion synchronization is restored.
6.4.4 Evaluating Force-Time Integral
Shah et al. [6] showed that force-time integral (FTI) can predict the size of lesion
formed during tissue ablation. Therefore, the FTI can be used as a measure to
quantify the quality of contact between the catheter tip and the tissue. To study
how synchronizing the motion of the catheter tip and that of the tissue affects the
quality of tip/tissue contact in the experimental setting, the FTI, i.e., the area under
the contact force curve, is calculated for the cases shown in Figures 6.14 and 6.16.
Table 6.2 summarizes the results. For the first three entries, the FTI is calculated
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Table 6.2: FTI calculated for the cases shown in Figures 6.14 and 6.16.
Case
FTI (gf.s)
with d = 0
FTI (gf.s)
with d = dm improvement%
Figure 6.14a 212.77 367.25 173%
Figure 6.14b 227.8247 391.5554 172%
Figure 6.14c 122.8314 337.8225 275%
Figure 6.16 341.24 1050 307%
over 20 s and the last entry is calculated over 60 s. It is observed that the proposed
technique significantly improves the quality of contact.
6.4.5 Evaluating the Static Force-Deflection Model
In Chapter 3, the distal shaft of the catheter was described with a PRB 3R model. The
proposed model was used to estimate contact forces from the shape of the catheter tip
in the static case, i.e., for collecting each data sample, a constant force was applied
to the tip and the catheter tip was allowed enough time to find its final configuration.
In this section, the performance of the proposed PRB 3R model is evaluated for the
case where the catheter is in contact with a moving environment.
The optimal link parameters and spring stiffness values for the PRB 3R model
are obtained using the algorithm described in Chapter 3:
γ0 = 0.05 , γ1 = 0.4 , γ2 = 0.5 , γ3 = 0.05
kθ1 = 3.3, kθ2 = 2.05, kθ3 = 4.51
(6.3)
where γi , i = 0, 1, 2, 3 are the normalized link lengths and kθi , i = 1, 2, 3 are the
normalized spring stiffness values.
The obtained PRB 3R model is used to estimate the contact force from the
position and orientation of the catheter tip in two different scenarios: (1) the tissue is
moving with a constant frequency of about 0.37 Hz, (2) the frequency of tissue motion
changes during data collection. In both cases, before the data collection is started,
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Figure 6.17: Performance of the PRB 3R model in estimating the contact force
when the frequency of tissue motion is 0.37 Hz.























Figure 6.18: Performance of the PRB 3R model in estimating the contact force
when the frequency of tissue motion is changing.
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the proximal handle is adjusted such that the tip angle in free space is about 90◦. The
proximal handle is then held at the same position during the course of data collection.
The results of force estimation are given in Figures 6.17 and 6.18. The estimation
error in both cases is less than 4 gf, implying that the frequency of motion does not
affect the model performance and the static model has an acceptable performance
even when the catheter is in contact with a moving environment. However, due
the noticeable delay that exists in the system, in order to use this model for online
estimation of contact force, a motion predictor should be added to the control system.
6.5 Discussion
6.5.1 Performance Limitations
The experiments carried out during this study indicated certain limitations in inte-
grating current ablation catheters within motion compensated robotic catheter ma-
nipulation. The observed limitations are listed below:
• The actuation mechanism of the catheter breaks when it is actuated in fre-
quencies above 0.65 Hz. The pull-wires that connect the prismatic knob to the
flexing tip could not stand the 60 s of actuation which was required for doing
this study. At frequencies of about 0.65 Hz, the tendon connections inside the
proximal handle snapped and the catheter needed to be replaced.
• Performance of the catheters deteriorates significantly with continuous actua-
tion of the handle. Figure 6.19 shows an example of how the catheter behavior
changes as a result of continuous actuation. In this experiment, the catheter
handle is actuated with a sinusoidal signal, while the environment is static (see
Section 6.4-A). The experiment is done first with a less used catheter and then
with a catheter worn out during the experiments. The handle actuation is simi-
lar in both cases, nevertheless, the measured contact force is very different. The
reason is that the actuation mechanism of the catheter loses its functionality
over time, especially with repeated actuation. Initially, the catheter tip bends
more than 90◦, but after repeated usage, the maximum bending angle reduces
Chapter 6: Robotics-Assisted Catheter Manipulation 157























Figure 6.19: The effect of wear of the catheter on the experimental results.
to less than 60◦.
• The orientation of the catheter tip with respect to the myocardium affects
the lesion formation (e.g., [32, 33]). During the experiments, the angle of the
catheter tip related to the artificial tissue is between 70◦ and 90◦. It was found
out that if the catheter is flexed to a smaller angle, the performance of the
catheter decreases rapidly mainly due to the effect of hysteresis, and has a
negative impact on the repeatability of the results.
Due to these limitations, the catheter had to be replaced several times during
the experiments and data collection. The catheters used were of the same type;
nevertheless, discrepancies existed in some of their features, such as the maximum
displacement of the proximal knob and the maximum angle that the tip can reach in
its ultimate bending configuration.
The observations on the limitations of the actuation mechanism suggest that
this mechanism should be redesigned for using the ablation catheters with robotic
manipulators.
Remark 1 : In the experimental setting, the catheter is free to move back and
forth in the sheath. However, the catheter does not actually slide in the sheath. For
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this study, the position of the base of the proximal handle is fixed, i.e., the catheter
body is not inserted/retracted. The actuation is applied on the prismatic knob of the
handle, which flexes the catheter tip.
The average contact force that the catheter tip can apply on the tissue depends
on the relative position between the catheter tip and the tissue. If higher contact
forces are desired, the catheter body should be inserted further into the sheath to
bring the tip closer to the tissue. Arrangements for inserting/retracting the catheter
in/from the sheath is not included in the preliminary experimental setting used for this
study, but will be considered in future work. In such a setting, the effects of backlash
and friction on motion compensation should be considered as well [18–20,34].
Remark 2 : The simulated motion for the atrial wall is very simplified. To
better evaluate the performance of the proposed technique, a thorough study should
be carried out on how different points inside the atria move during each heartbeat
and the pattern as well as the amplitude of wall motion should be determined. The
motion compensation system can then benefit from motion estimators to predict the
wall motion and adjust the handle actuation accordingly to maintain constant contact
with the tissue. In such a case, a more robust method for estimating the frequency
of motion should be implemented.
6.5.2 Relevance to Clinical Application
The proposed system improves the quality of catheter tip/tissue contact by synchro-
nizing the motion of the catheter tip with that of the cardiac tissue. To use this system
in a clinical setting, the electrophysiologist manually guides the catheter through the
vasculature and places the distal end of the catheter inside the atrium. After the tar-
get points for ablation are identified, the catheter tip is manually placed in proximity
of the myocardium. The robotic catheter manipulator is then initialized to flex the
catheter tip in accordance with the heart tissue to maintain the tip/tissue contact.
Depending on the medical imaging modality used for visualizing the procedure, ap-
propriate techniques should be implemented for estimating the frequency of motion
and determining the position of the catheter in 3D. It is expected that the proposed
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robotics-assisted catheter manipulation approach will decrease procedure times by
improving the quality of contact between the catheter tip and cardiac tissue.
6.6 Conclusions
In this chapter, the initial steps towards designing a motion compensated robotics-
assisted catheter manipulation system were presented. In this regard, the static be-
havior of conventional steerable ablation catheters was examined. Then the behavior
of these catheters in free space when their proximal handles are actuated at different
frequencies was investigated. The frequency analysis revealed that the main factor
that must be considered in designing robotics-assisted catheter control systems is the
time delay that exists between the handle actuation and the flexing of the catheter
tip. By actuating the catheter handle at the same frequency as that of the moving
target and reshaping the input handle displacement to compensate for the time delay,
the motion of the catheter tip was synchronized with the target motion. Evaluating
the force-time integral shows that the proposed technique improves the quality of
tip/tissue contact noticeably. The experiments also pointed out the limitations in the
design of actuation mechanisms for current steerable ablation catheters. This issue
would need to be addressed in order to actuate the catheters at frequencies close to
those of cardiac motion.
The study presented in this chapter is a fundamental step in identifying the
behavior of conventional steerable ablation catheters. To achieve the ultimate goal of
developing a robotics-assisted catheter manipulation system that compensates for the
cardiac motion, the motion of the atrial wall during the ablation procedure should
be characterized; the actuation mechanism of current ablation catheters should be
improved; a robust estimator for extracting the features of tissue motion, such as
frequency and amplitude, should be designed and the problem of tip/tissue motion
synchronization in 3D should be studied.
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Chapter 7
Concluding Remarks and Future Work
This chapter provides overall concluding remarks on the presented work and suggests
several directions and guidelines for future work in designing robotics-assisted catheter
manipulation systems.
7.1 Concluding Remarks
The work presented in this thesis established a fundamental step in developing a
robotics-assisted catheter manipulation system with the capability to provide force
control at the tip of conventional steerable ablation catheters. In this work, different
ideas were developed and several techniques were implemented, but the main con-
cern throughout the course of this research project was that the final robotic system
should be compatible with all types of existing ablation catheters and so the sug-
gested methods should be applicable to different catheters with simple calibration
steps. Therefore, the proposed approaches are based on observing and analyzing
catheter behavior in different experimental settings, and they do not rely on informa-
tion about the mechanical design of catheters nor the arrangement of tension and/or
fictional forces inside the catheter. Moreover, the commonly used ablation catheters
do not have the necessary means to measure or estimate contact forces between the
tip and cardiac tissue. Thus, one of the main objectives was to investigate methods
for estimating the contact force without installing pressure or strain sensors on the
catheter tip. Force control at the distal tip would then be realized by using such a
method to estimate the force that the catheter tip exerts on tissue.
The objective of our first study was to investigate how contact forces affect the
position and orientation of the catheter tip. To achieve this goal, the static behavior
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of the distal shaft was studied in a series of experiments. The experimental setup was
designed based on the configuration of the catheter during the ablation procedure:
the catheter passes through a narrow sheath to enter the open space of the atria. We
assumed that in this configuration, the contact force affects the deflectable shaft more
than it affects the body of the catheter. Hence, in the first experimental setting, the
movement of the distal shaft of the catheter was constrained at one end. A series
of forces with different in-plane directions was applied to the catheter tip and the
catheter shape was recorded. The tip rigidity was calculated and the initial bending
of the catheter was modeled. A large deflection beam model based on Euler-Bernoulli
beam theory was then used to describe the force-deflection relation of the catheter
tip. It was shown that the model has good performance: the error in estimating the
tip angle is less than 2◦ and the tip position is estimated with an error less than
0.7 mm.
The experimental results suggested that the static behavior of the catheter tip
can be described with a large deflection beam model. However, this model has several
features that increase the computational cost and hinder its use for developing real-
time control systems. PRB 3R model is an approximation of the large deflection beam
model with good accuracy, but less computational cost. It was demonstrated that
the performance of this model in describing the force-deflection relationship for the
catheter tip is the same as that of the large deflection beam model. The algorithm for
obtaining the parameters of the model was then customized to describe the behavior
of the catheter tip under applied loads. It was shown that if the parameters of the
model are obtained with the proposed algorithm, the error in estimating the tip
position is reduced from 3.34 mm to 0.85 mm. In the next step, the experimental
setup was redesigned to become more realistic: the catheter was passed through a
standard sheath. In this configuration the catheter is free to slide in and out of the
sheath. The performance of the PRB 3R model and the large deflection beam model
was further evaluated with this setup. It was shown that the beam model fails to
describe the effect of contact force on the catheter tip position (RMSE = 7.42 mm) and
orientation (RMSE = 4.9◦). However, the PRB 3R model demonstrates acceptable
accuracy in estimating the tip position (RMSE = 2 mm) and orientation (RMSE
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= 1.42◦). The reason is that the large deflection beam model is developed for a
cantilever beam, where one end of the beam is clamped and cannot move or rotate.
This assumption does not hold with the second experimental setup and leads to the
poor performance of the beam model. On the other hand, the parameters of the PRB
3R model are optimized with the proposed algorithm to describe the static behavior
of the catheter in this experimental setting and thus this model demonstrates good
performance in this setup as well. The PRB 3R model is described with simple well-
established equations and its inverse model can be calculated without increasing the
computational cost. Thus, PRB 3R model is well-suited for estimating contact force
from the tip position and orientation in real-time.
The static force-deflection model of the distal shaft allows for estimating the
contact force from the shape of the catheter. In the next step, a control system
for controlling the contact force between the catheter tip and a static environment
was designed. To realize force control, the controller moved the proximal handle to
achieve more or less bending at the catheter tip and thus changed the amount of
force that the tip was applying on the environment. The parameters of the controller
were first tuned using force readings from a force sensor. The force feedback to the
controller was then provided using the PRB 3R model to estimate the contact force
from the tip position and orientation. While in the previous experiments, the shape
data was collected using a camera, in-house development of a strain sensor provided
an alternative method to estimate the bending of the distal shaft. It was observed
that the system can correctly detect when the catheter comes in contact with the
environment. It also demonstrated good performance in achieving and attaining low
levels of contact force (< 10 gf), but its performance deteriorated at higher levels
of contact force (> 10 gf). Analysis of the results revealed that the strain sensor
could successfully detect the tip angles within a limited range but outside of which,
the changes in the tip angle remained hidden from the strain sensor. The other
limitation faced during the experiments was that the design of the setup did not
allow for applying higher forces (> 20 gf) at the catheter tip.
These limitations resulted in a revision of the setup and an analysis of the
catheter shape to understand how the curvature of the distal shaft changes when
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forces are applied. Since the results of this step were highly dependent on accurate
extraction of the catheter shape from acquired images, a custom image processing
algorithm was developed. Analysis of the tip curvature showed that the distal tip
of unidirectional ablation catheters does not bend with constant curvature. This
observation led to developing a kinematic model for the distal tip in free space. The
model was proposed as a modification to a well-known kinematic model in the field of
continuum robots which assumes that a continuum manipulator bends with a constant
curvature. Further analysis on how the contact forces affect the tip curvature led to
defining a force index that can identify the range of contact forces using a Gaussian-
Mixture model. As a result of this study, a framework for estimating the force index
from one or more points along the catheter tip was suggested.
Consistent contact between the catheter tip and cardiac tissue is achieved if the
catheter tip moves with the target. To this end, the frequency response of the catheter
was analyzed and the effect of actuation frequency on different bending characteristics
of the distal tip was studied. One of the main features of the system was found to
be the delay between the handle actuation and the bending of the tip. Based on the
frequency response analysis, a system for tracking a desired trajectory in free space
was proposed. The control system was then used to estimate the frequency of the
target motion online and to adjust the handle position to compensate for the motion
of the environment. Implementing motion compensation at the catheter tip resulted
in less variations in the contact force and improved the quality of contact noticeably.
The performance of the static PRB 3R model was tested in a case where the catheter
tip was in contact with a moving target. The results showed that the proposed PRB
3R model can estimate the contact force from the tip position and orientation in this
case as well, but the delay, which is inherent in the system, is a major obstacle in
using this model for real-time force estimation.
Although the experiments are done in the laboratory environment, there is no
unnecessary or unrealistic assumption that limits the fundamental theory. One of the
main assumptions in this work is that the catheter bends with zero torsion in free
space, i.e., the deflected tip lies in a plane. This assumption was validated through
the experiments. The other assumption is that the camera provides a direct planar
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view of the catheter. In a clinical setting, proper techniques for extracting the shape
of the catheter from available medical imaging modalities should be developed. It was
also assumed that the contact forces act at the catheter tip and in the plane of the
deflected catheter. Considering the angle between the catheter and the myocardium,
this is a valid assumption. The effect of other forces, such as blood flow inside the
atria, is not considered. These forces can be modeled as distributed loads along
the catheter tip and considered to enhance the static model to 3D. However, the
most significant force applied to the catheter tip during the ablation procedure is the
contact force between the tip and cardiac tissue.
It is worthwhile noting that if inserting in/withdrawing and rotating the prox-
imal handle is not considered, the catheter tip has 1-DOF. This means that the
catheter can compensate for the target motion only if the motion is in the correct
direction. Thus, the correct positioning of the catheter with respect to the tissue is
critical for motion compensation.
The objective of this work is to define a model that can be easily tuned for each
type of catheter. This was the main notion in developing the models and designing
the control system. An opportunity to test this presented during the course of ex-
periments, as the catheters had to be replaced frequently. Due to the fact that the
catheters are for single use and they are disposed after each ablation procedure, their
actuation mechanism is not very durable and breaks with repeated or prolonged use.
However, it was observed that switching catheters does not affect the main features of
the system, such as the parameters of the PRB 3R model or the delay in the system.
This implies that such parameters depend on the mechanical design of the catheter
and are the same for catheters of the same make. Since the fabrication process for
catheters made by different companies could vary, further investigation is required to
determine how much variability (if any) exists between different makes of catheters.
7.2 Future Research
The results presented in this thesis provide a framework for modeling and control of
ablation catheters. The research can be continued in several directions including, but
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not limited to the following.
• The static model was developed in 2D, assuming contact forces as in-plane
end loads. Identifying and studying other forces affecting the shape of the
catheter inside the atria and extending the model to 3D can be the next step.
In this regard, the effect of atrial blood flow on the catheter tip before and
after establishing contact with the myocardium should be further investigated
by studies such as [1].
To ensure motion synchronization between the catheter tip and cardiac tissue,
the catheter should be positioned in the correct direction with respect to the
tissue. A thorough analysis of the pattern of motion at different points of the
atria during each heartbeat would be of great help. The results of such study
can be used in developing control systems with motion predictors and robust
algorithms for real-time estimation of motion frequency. Moreover, to ensure
that the catheter can be placed at the target point with the desired orientation,
studies such as [2] are relevant. Manipulation of the catheter distal shaft can
also be enhanced by using active catheters, e.g., [3], that provide more degrees
of freedom at the distal tip.
• Estimating the contact forces from the tip shape requires detailed information
on the curvature of the tip and/or tip position and orientation. Developing
robust and reliable imaging techniques that can extract such information in real-
time from images provided by a medical imaging modality should be considered.
As an example, the model of the distal shaft proposed in this work can be used
together with the technique proposed in [4] for intra-operative 3D visualization
of the catheter within the beating heart using ultrasound images. Detecting
the shape can also be enhanced by fusion of information from multiple sources
such as image and magnetic tracking systems [5].
• During the experiments, it was revealed that the actuation mechanism of the
commonly used catheters has two limiting features: (1) the pull-wire mecha-
nism cannot endure the rapid and continuous actuation enforced by robotic
manipulators and (2) its performance degrades noticeably at frequencies close
to that of the cardiac motion. Improving the pull-wire actuation mechanism is
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required in order to use these catheters in motion compensated robotics-assisted
manipulation systems.
• In this study, it was assumed that the catheter tip is manually guided through
the vasculature and positioned inside the atria. Electrophysiologists steer the
catheters by inserting/withdrawing, rotating and flexing the tip. This proce-
dure can be facilitated using robotic catheter manipulators that are capable
of mimicking the motions of electrophysiologists’ hands. To develop a control
system for guiding the catheter inside the vasculature, nonlinearities, such as
deadband and friction between the catheter body and the environment should
be considered. If visual servoing techniques are integrated with such robotic
systems, then navigating the catheter in the vasculature can be performed au-
tonomously [6]. The framework proposed herein can be used together with such
robotic systems to provide estimation and regulation of contact forces during
the ablation procedure. With these robotic systems, it would also be possible
to implement teleoperated master-slave control of the steerable catheter with
haptic feedback from the catheter tip.
• The results of the research in this thesis were validated via experiments con-
ducted in the laboratory environment. The performance of the proposed tech-
niques should be further evaluated via in-vivo experiments.
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